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The unpaired electron in the gold clusters (Au,, n = no. of Au atoms) with an odd number of total elec-
trons is solely responsible for the magnetic properties in the small-sized Au nano-clusters. However, no
such unpaired electron is available due to pairing in the even number of atom gold clusters and behaving
as a diamagnetic entity similar to bulk gold. In this work, we unveiled the spin-density distribution of odd
Au, clusters with n = 1 to 19 that reveals that a single unpaired electron gets distributed non-uniformly
among all Au-atoms depending on the cluster size and morphology. The delocalization of the unpaired
electron leads to the spin dilution approaching a value of ~1/n spin moments on each atom for the higher
clusters. Interestingly, small odd-numbered gold clusters possess spin-magnetic moments similar to the
delocalized spin moments as of organic radicals. Can cooperative magnetic properties be obtained by
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coupling these individual magnetic gold nanoparticles? In this work, by applying state-of-the-art compu-
tational methodologies, we have demonstrated ferromagnetic or anti-ferromagnetic couplings between
such magnetic nanoclusters upon designing suitable organic spacers. These findings will open up a new
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1 Introduction

Ferromagnetically ordered spin systems are of great interest
due to their potential applications in the field of
spintronics.’® Such systems could be used to generate a fully
spin-polarized current. Various transition metal complexes
and organic magnetic materials (OMMs) have been reported in
this regard.”

Bulk gold is diamagnetic,'” but the nanoworld unfolds a
contrasting scenario with the experimentally observed magnet-
ism in nanoparticles of gold."®> The earliest mention of it
came from the research conducted by Hori et al. in 1999 in
which they focused on magnetization measurements involving
gold nanoparticles (NPs) of 2.5 nm.>® Yamamoto et al. pro-
vided the initial concrete experimental confirmation of ferro-
magnetic spin polarization by employing the X-ray magnetic
circular dichroism (XMCD) technique on gold NPs shielded
with polyallyl amine hydrochloride.>”
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tElectronic supplementary information (ESI) available: Energetics of isolated
Au,, clusters, molecular orbital plots of odd and even clusters, single point ener-
gies and the magnetic exchange coupling constant (2]) for coupled clusters
using the Yamaguchi and Noodleman formula, Léwdin spin population distri-
bution in isolated Au, clusters and when clusters are coupled via a benzene
spacer, the effect of the capping agent SH, on the spin magnetic moment of Au
atoms, and variation of the overlap integral with magnetic exchange coupling.
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avenue of nanoscale magnetic materials combining organic spacers and odd-electron nano-clusters.

The NPs composed of Au, Ag, and Cu have been observed
to exhibit permanent magnetism at room temperature using
XMCD and '*’Au Mossbauer spectroscopy.”® Krishna et al.
have observed ferromagnetic behaviour in Auss(PPhs);,Cls at
room temperature.”® At low temperatures, feeble ferromagnetic
interactions have been detected in Au,s(SCH,CH,Ph)° using
EPR and hysteresis experiments,***' but were not observed
using the SQUID magnetometer technique.’

Since the unearthing of magnetism in nano gold, plenty of
theories have been crafted to explain this phenomenon. Zhang
et al. investigated the electronic behavior of Au NPs (~2 nm)
capped with dendrimer and thiol molecules which reveals that
d-electron distribution in the Au NPs can be tuned by selective
capping.*>** When Au NPs are capped with strongly interacting
thiols, the number of holes in the 5d band increases.>*** The fer-
romagnetism in gold has also been associated with 5d localized
holes generated through the Au-S bond.?® It has been shown that
thiolate induced magnetism occurs in gold.*” It has been
reported that the large orbital component of 5d electrons is the
origin of spontaneous spin polarization in gold NPs.”>® The gold
NPs display ferromagnetic spin polarization which is found to be
dependent on the size of NPs."***™" In 2021, Li et al. used the
electron paramagnetic resonance (EPR) technique to explore mag-
netism in Au,; and Auy,; clusters.®® Their findings indicate that
in Au NCs, magnetism isn’t chiefly linked to size or ligands, but
rather to the electron count.

In the experimental study by Hasan et al.,**> which provides
the first experimental evidence for the adsorption of intact

Nanoscale, 2024, 16, 13445-13456 | 13445


http://rsc.li/nanoscale
http://orcid.org/0009-0006-3232-0588
http://orcid.org/0000-0003-4260-2555
http://orcid.org/0000-0002-2179-3033
http://orcid.org/0000-0001-6607-5484
https://doi.org/10.1039/d4nr00856a
https://doi.org/10.1039/d4nr00856a
http://crossmark.crossref.org/dialog/?doi=10.1039/d4nr00856a&domain=pdf&date_stamp=2024-07-12
https://doi.org/10.1039/d4nr00856a
https://rsc.66557.net/en/journals/journal/NR
https://rsc.66557.net/en/journals/journal/NR?issueid=NR016028

Published on 10 June 2024. Downloaded on 7/16/2025 4:31:04 PM.

Paper

thiols on the gold clusters analysed by "H NMR spectroscopy, it
was found that when thiol coverage is lower (less than 2 molar
equiv. of thiol), removal of hydrogen is favoured. Thus, the experi-
mental conditions influence which of the two competing mecha-
nisms, dissociative or undissociative, will occur. Another experi-
mental work has also concluded that the -SH bond does not
cleave during CH;SH adsorption on the Au(111) surface under
ultra-high vacuum (UHV) conditions.*® It has been found that
CH3SH and C;H,SH adsorb on the Au(111) surface without -SH
bond scission but the -SH bond dissociates on the defective Au
surface.*® One of the theoretical studies suggests that thiolates
and “intact” SH species can exist together.* It has been suggested
that long alkyl chain thiols adsorb by physisorption, while thiols
with a short alkyl chain adsorb by chemisorption.*® A recent
study by Inkpen et al.’’ demonstrates that gold-sulfur interfacial
coupling in the self-assembled monolayers of dithiols is through
the physisorbed interaction and thiol hydrogen is retained.

However, to comment upon which gold-thiol binding
process is more favourable is out of the scope of this work and
based upon the results of the above-mentioned experimental
and theoretical studies we have chosen one of the possibilities
of gold-thiol binding ((RS-H) remains intact,***” homolytic
cleavage (-RS)*®*° and the heterolytic cleavage (-RS™)*°) with
thiol as the “intact” species to show how the gold nanoclusters
can couple (FM/AFM) via the coupler.

Despite the knowledge of the magnetic behaviour of the
gold nanoclusters, a comprehensive understanding is lacking
about the delocalization of the unpaired electron ie. the
source of magnetic properties among the constituent Au-
atoms. Our study aims to understand the magnetic behaviors
of small gold nanoclusters. The unambiguous identification of
the magnetic gold nano-clusters encourages us to ask the
natural question: can magnetic ordering be induced among
these tiny nano-magnets? Here we have investigated a strategy
of coupling odd Au, clusters with n = 3 to 19 designing an
organic spacer that sheds light on harnessing the cooperative
magnetic ordering utilising gold nanoclusters.

The magnetic ordering in the gold nanoclusters using
organic spacers is crucial from the device application perspec-
tive in the field of spintronics, quantum computing and
various technological applications like high density memory
storage, magnetic devices, nanocatalysis and biomedicine.

2 Theoretical model and
computational methodology
2.1 Theoretical model

The magnetic exchange interaction between two spin centers 1
and 2 is usually expressed by the Heisenberg-Dirac-Van Vleck
spin Hamiltonian,

Hupw = —2JS1 - 8, (1)

where 2/ is the magnetic exchange coupling constant which is
the measure of the magnetic interaction strength between the
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spin centers, and S, and S, are the respective spin angular
momentum operators. A positive 2/ value indicates a prefer-
ence for ferromagnetic coupling, where the spin centers align
in parallel, promoting a high spin state. Conversely, a negative
2] value suggests a propensity for antiferromagnetic coupling,
wherein the spin centers align anti-parallel, favoring a low
spin state. One of the initial approaches for estimating mag-
netic exchange coupling was suggested by Noodleman.’">?
This method involves employing broken symmetry solutions
for low-spin states. Noodleman’s formula for evaluation of the
magnetic exchange coupling constant (2] value) is

oy = — 2(Eus _ZEBS) 2)

Smax

where Egg is the energy of low spin solution, Eys is the high
spin energy, and Sy« is the total spin of high spin state. The
broken symmetry state is an equal mixture of the lowest and
highest spin states. A more general approach toward the com-
putation of the 2/ value was given by Yamaguchi et al.>® as
given below,

_ 2(Eus — Egs)
<8%>ps — <82 >ps

2 = (3)

In our analysis, we’ve employed the formula (3) established
by Yamaguchi et al. We have noticed that s,.x = 1 and the
difference (<S*>ys — <S>>gg) is nearly equal to 1.0 for all the
systems. In the weak orbital overlap regions, the Yamaguchi
formula (eqn (3)) can be reduced to the Noodleman formula
(eqn (2)). Since the systems involved in our investigation have
weak overlap between the magnetic orbitals, the 2/ values
(refer to the ESIt) obtained using eqn (2) and (3) are almost
equal.

2.2 Computational methodology

The optimization of Au, clusters with n ranging from 1 to 20
and odd Au, clusters coupled via a m-conjugated molecule,
thiol functionalized diethynylbenzene (t-DEB), was performed
using the B3LYP hybrid functional® and def2-TZVP’® basis
set. The preference for the B3LYP functional stems from its
established efficacy in accurately determining the exchange
coupling constants.’®®' The gold clusters were treated using
the spin-unrestricted Kohn Sham (UKS) method within the
DFT framework. The RI approximation in conjunction with the
auxiliary basis set def2/] was employed. In order to differen-
tiate between the J used in the auxiliary basis set def2/] and
the magnetic exchange coupling constant 2/, we have used ita-
licized J in 2/ and non-italicized J in def2/]. For the Hartree—
Fock exchange calculations, a Chain of Spheres (COSX)
numerical integration method was utilized to enhance the
speed while preserving accuracy.®> We explored the electronic
configurations of odd clusters, encompassing both doublet
and quartet states, and examined even clusters, considering
singlet and triplet states. The odd clusters predominantly
assume a doublet ground state, while even clusters exhibit a
singlet ground state. For clusters connected through the

This journal is © The Royal Society of Chemistry 2024
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spacer, meta t-DEB, the geometry has been optimized in the
triplet state, whereas when connected via para t-DEB, the geo-
metry optimization has been conducted in the broken sym-
metry (BS) state which is their respective ground state.

To facilitate magnetic exchange coupling analysis, we per-
formed single-point calculations utilizing the BS-DFT method
in the ORCA quantum chemical code.

3 Results and discussion

Unpaired spin-bearing odd Au, clusters can be considered
atomic scale nanomagnets. The spin density distribution of
the DFT-optimized geometries of the Au,, (r = 1,2...20) clusters
has been discussed in the following subsection. Upon design-
ing an organic spacer, capable of effectively coupling the
stable organic radicals, the magnetic ordering of the Au,, clus-
ters has been studied. The predicted ordering of magnetic
ordering has been rationalized from the electronic structure.

3.1 Au, clusters: geometries and spin distribution

The gold nanoclusters’ geometries used in the present work
represent the global minimum geometries. We have used the

View Article Online
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global minimum geometries reported by Khatun et al.® as the
initial geometries. The authors obtained these geometries by
generating several trial geometries and performing a gradient
based local optimization of these trial geometries. In this
work, we have further optimized these geometries at the
B3LYP/def2-TZVP level. We have optimized the Au,, n =1 to 20
clusters in the different spin states.®* ®° It is observed that odd
and even gold clusters have the doublet and singlet ground
states, respectively (shown in section S1 of the ESIt). The opti-
mized geometries of Au,, clusters are shown in Fig. 1.

It is observed that Au, to Au,, clusters favor planar geome-
tries®” and beyond Au,,, gold clusters show a shift from 2D to
3D configurations. This is in agreement with the previously
reported 2D to 3D transition of gold clusters.®* 66869

These structural variations in the gold clusters are due to
the different nature of hybridization in frontier molecular orbi-
tals. The singly occupied molecular orbital (SOMO) of the
single Au atom is completely of s character which is quite
obvious from the electronic configuration of the gold atom,
with one unpaired electron in the 6s shell. Each cluster is
formed by adding one more atom to the preceding cluster. The
addition of one more gold atom in the vicinity of a single Au
atom forms an Au-Au bond due to the overlapping of the s-s
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Fig. 1 The spin density of the optimized geometries of Au,, n = 1 to 20 clusters at the B3LYP/def2-TZVP level. The numbers shown below show the
spin population distribution over the specific atoms (red color for the highest spin population and green for the lowest spin population.).
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orbitals. The Au, cluster has a Au-Au bond length of 2.53 A,
closely mirroring the experimentally observed bond length of
around 2.49 A.”® With the inclusion of a third atom to the Au,
cluster, bonding between the atoms of the Au; cluster is no
longer due to the s orbitals only but the role of hybridization
of s, p, and d orbitals comes into play (see Fig. S1 and S2,
ESIt). It is quite natural to assume that Au; would have an
equilateral triangle geometry but after optimization, it shows
an isosceles triangular structure, characterized by two equal
bond lengths of 2.66 A and a longer length of 3.26 A which is
attributed to the antibonding s-s orbitals. The Au, cluster is
rhombus-shaped with uniform side lengths of 2.77 A. The Aus
cluster exhibits a distinctive W shape, showcasing the bi-
capped triangle geometry. The Au, cluster assumes a planar
triangular arrangement, featuring an outer equilateral triangle
with dimensions measuring 5.7 A and an inner, smaller equi-
lateral triangle measuring 2.9 A on each side. The Au, cluster
displays a capped triangle geometry, and Aug and Auy clusters
embrace a tetra-crowned rhombus and bi-capped hexagon geo-
metries respectively. Au,o is characterized by a truncated tetra-
hedral shape. The Au,, cluster shows a perfect tetrahedral
geometry.

Since the even gold clusters have a singlet ground state,
they do not have a spin magnetic moment, as all the electrons
are paired. Unlike the even clusters, odd gold clusters always
have a doublet ground state irrespective of the size of the
cluster. This is due to the odd number of total electrons in the

1.00
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odd gold clusters which always leave one electron aloof, giving
rise to the total magnetic moment of 14y on the odd gold clus-
ters.’” These observations are in alignment with the study per-
formed by Zhu et al. on the magnetic properties of gold clus-
ters.®” The spin population distribution over the atoms of odd
gold clusters is shown in Fig. 2. It reveals that the spin mag-
netic moment is non-uniformly distributed on the different
atoms of gold clusters. For example, in Aus, 0.79u5 of the spin
magnetic moment is distributed over two of its constituent
atoms, while the remaining 0.21up resides on the third atom.
Similarly, in Aue, 0.29up of the magnetic moment resides on
one atom (marked as atoms 9 in Fig. 1), while the remaining
0.71ug is distributed among the other eight atoms.

The more fascinating fact pertains to the constant spin
magnetic moment of 1ug over the odd Au, clusters, irrespec-
tive of their cluster size. But as the cluster size progresses, the
spin gets diluted as 1/n ug per atom assuming the uniform dis-
tribution of the spin magnetic moment on the atoms of the
gold cluster. However, it is obvious that smaller clusters have a
higher average magnetic moment per atom than larger clus-
ters. However, the smaller clusters display a larger deviation of
the spin magnetic moment per atom from the average distri-
bution curve (1/n up per atom) in comparison to the higher-
order clusters (shown in Fig. 2). Thus, the small odd gold clus-
ters show a non-uniform distribution of the spin magnetic
moment on the atoms of gold clusters which becomes
uniform for the larger gold clusters.

® Calculated spin magnetic moment on each atom

0.95

0.45 +

035 1

0.25 1

UAu (“B)

0.15 1

0.05 1

-0.05 + t + t

@ Average spin magnetic moment (1/n (ug) per atom)

1 3 5 7 9

n (Au,, Cluster)

Fig. 2 The Léwdin spin population distribution over the atoms of Auz to Aujg clusters, represented by green-coloured data points. Red-colored
data points depict the hypothetical case of average spin population distribution (1/n ug per atom).
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3.2 Ordering of magnetic moment in gold clusters

One of the key strategies to harness the magnetic ordering of
the spin-bearing organic as well as inorganic moieties is to use
a conjugated molecular framework as a coupler through which
the magnetic exchange can be communicated between two
spatially separated spin sources.”>”'”7® The = electron-rich
aromatic organic molecules, such as benzene, are an excellent
choice in this context. To exhibit an efficient ordering of mag-
netic moments, the coupled gold clusters must retain their
magnetic properties when they are connected via an organic
spacer. The spatial separation of the connected Au, cluster
must be sufficient to inhibit the clusters from collapsing into a
single cluster. Keeping this fact in mind, diethynylbenzene
(DEB) was used as the organic spacer as shown in Fig. 3.
Furthermore, to connect the gold clusters and organic spacer
we have functionalized the spacer with the thiol group, which
is abbreviated as t-DEB. Nitronyl nitroxide (NN) and Blatter’s
radical (Bl) are two popular radicals that have been observed to
show definite magnetic ordering when coupled via organic
spacers.”"'*77 To test the effectiveness of the DEB molecule
as a coupler, both the meta (m) and para (p) DEB have been
used to couple the spin centers of the aforementioned organic
radicals (Fig. 3). The nitronyl nitroxide and Blatter’s radical
coupled with m-DEB show a FM exchange interaction of
7.44 cm™" and 3.60 cm ™", respectively, while an AFM exchange
interaction of —225.3 em™" and —16.22 cm ™" is observed with
the p-DEB coupler (Table 1). This is in agreement with the pre-
viously reported nature of coupling (FM/AFM) of meta/para-
connected organic radicals through the benzene coupler.””"”®
This suggests that the DEB organic spacer can effectively
couple the organic radicals.

When the single Au atom (Au,) is coupled via the m-tDEB
(p-tDEB) coupler as shown in Fig. 3, a very strong ferro-
magnetic (antiferromagnetic) coupling with 2/ values as high
as 27.88 (—196) cm™' is observed (Table 1). Henceforth, the
coupling of Au, clusters through the meta and para t-DEB cou-
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Table 1 Single point energies and calculated magnetic exchange coup-
ling constants (2J) for different spin sources with the m/p-DEB coupler
designated as m'/p’ for nitronyl nitroxide (NN) and Blatter’s radical (Bl)
and the m/p-tDEB coupler represented as m/p for the Au atom

Energy (Ep) <§*>

BS HS BS HS 2/(em™)
NN-m-NN  —1450.665005 —1450.665022 1.14 2.14 7.44
NN-p-NN  -1450.669604 —1450.669105 1.17 2.14 —225.30
Bl-m'-Bl -2174.975354 —2174.977133  1.03  2.03 3.60
Bl-p"-Bl —-2174.977170  -2174.977133 1.03 2.03  —16.22
Aug-m-Au;  —1452.165381  —1452.165445 1.00  2.01 27.88
Auyp-Au;  —1452.167157  —1452.166706  0.99 2.00 —196.34
Augm-Auy  —3624.244986  —3624.244990 1.01  2.01 1.82
Augp-Au,  —3624.245767 —3624.245670 1.01 2.01 = —42.26

plers will be designated as Au,-m-Au, and Au,-p-Au, respect-
ively. As discussed in the previous section, the distribution of
the spin moments amongst the Au atoms is not the same for
the isolated clusters. Consequently, the strength of the
exchange interaction is also dependent on the atomic site to
which the coupler is linked. In the ESI (section S4%), we have
calculated the 2/ values of the Au, clusters, linked to the
coupler via different atomic sites. Out of all possible combi-
nations, the connection showing the highest 2/ is further con-
sidered for understanding the variation of the strength of the
magnetic coupling for the odd Au, clusters which has been
shown in Fig. 6. For the meta-coupled clusters, ferromagnetic
ordering is observed for Aug-m-Auy with the 2] value of
1.82 cm™" using the B3LYP functional (Table 1). In contrast to
the clusters connected through para t-DEB, Aug-p-Au, exhibits
antiferromagnetic coupling, underscored by the 2J value of
42.26 cm ™. Thus, this is a clear indication that the magnetic
moments arising out of the odd Au,, clusters could be ordered
by interconnecting them through an organic spacer to get the
FM/AFM coupling. Table 1 indicates stronger antiferro-

NG
SH
- [ N
Spin source N |
N
Nitronyl Nitroxide (NN) Blatter's radical (Bl) 0dd Au, cluster

Fig. 3 The schematics of (meta/para) diethynylbenzene (m-DEB/p-DEB) and the thiol functionalized m/p-tDEB couplers. The circle with spin up
and down arrows represents different spin sources: nitronyl nitroxide (NN), Blatter's radical (Bl), and the odd gold clusters.

This journal is © The Royal Society of Chemistry 2024
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magnetic  exchange interactions than ferromagnetic
interactions”"”® (refer to subsection S4.1 of the ESIY).

In order to verify the dependence of 2/ on the func-
tional, we have calculated 2] values for Auy-m/p-Au; and
Aug-m/p-Auy using different functionals, namely local and
gradient corrected functionals (BLYP, PBE), hybrid func-
tionals (B3LYP, PBEO), meta GGA functional (TPSS), and
hybrid meta GGA functional (TPSSh, MO06). Local and gra-
dient corrected functionals overestimate the 2J (refer to
section S3.1 of the ESIt for variation of <S>>gg value for
different functionals), but the nature of magnetic coupling
through the meta and para organic spacer using every
functional is found to be the same ie., FM and AFM
respectively (Fig. 4).
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o £
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For the purpose of benchmarking, we have also done the
CASSCF and CASSCF-NEVPT2 calculations whose results are
provided in section 2 of the ESIt for the proto typical case of
Auy-m/p-Au,. Here, our objective is only to verify the nature of
coupling through the meta and para couplers. The 2] values
obtained with CASSCF(6,6) and CASSCF-NEVPT2(6,6) for Au;-
m-Au, are 2.86 cm™" and 7.28 cm ™" respectively, while for Au;-
p-Auy, 2] values are —9.77 cm™ ' and —36.93 cm™". Once again,
the multireference calculations for the prototypical Au,; case
confirm the FM and AFM ordering with meta and para spacers
respectively.

The anchoring thiol groups play a crucial role in forming
the exchange pathways between the coupled Au, clusters. As
shown in Fig. 5, the sulfur atoms of the -SH groups retain a

Aug-m-Auy

I BLyp
I rBE

I B3LYP
B PBEO
P TPSs
[0 TPssh

BLYP pBE B3LYP PBEO TPSS TPSSh Moe

BLYP PBE B3LYP PBEO TPSS TPSSh M06

200 B Moo

-400

Aug-p-Auy

Fig. 4 Variation in 2J with different functionals for Au;-m/p-Au; and Aug-m/p-Aug with def2-TZVP as the basis set.

Fig. 5 Spin density plots for the optimized geometries of Aug-m/p-Aug at the UB3LYP /def2-TZVP/def2/J level. The a and § spins are shown in blue

and red color respectively with the isosurface value 0.001 up A3
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significant amount of the spin density from the Au, clusters
and take part in the n conjugation with the t-DEB spacer. The
ferromagnetic coupling for the meta connection and the anti-
ferromagnetic coupling for the para connection can be ration-
alized by applying the simple spin alternation rule of the aro-
matic couplers. In the case of meta t-DEB, the spin sources
from the two Au clusters are connected via 2N + 1 number of
atoms, where N is the number of conjugated n-bonds and
hence gives ferromagnetic coupling, whereas, in the case of
para t-DEB, there are 2N atoms present in the exchange path-
ways between the Au, clusters which results in the antiferro-
magnetic ordering of the nanomagnets. However, the spin
polarization of the sulfur atom is not the same for all the clus-
ters considered here. It has been observed that higher spin
polarization of organic spacers induced by the Au, cluster
results in a larger magnetic exchange interaction.

When we move from a single Au atom to odd Au,, clusters,
the nature of magnetic ordering remains the same. However,
we witnessed a substantial decrement in the magnetic coup-
ling strength for both kinds of exchange pathways. The
exchange interactions for the gold clusters using the meta
coupler (m-tDEB) are shown in Fig. 6. The 2] values obtained
for the coupled odd gold clusters are in the range of 0.02 to
2.32 em™!, with the lowest and the highest 2] corresponding to
Auz-m-Au; and Au,-m-Au,, respectively. For the antiferro-
magnetic ordering of the magnetic moments, which has been
observed using para t-DEB as a coupler (Fig. 6), the highest 27
equal to —42.26 cm™" has been obtained for Aug-p-Auy. With
Au,{-p-Au, 1, Au,-p-Au, and Ausp-Aus, —30.9 cm™, —25.6 cm ™7,
and —20.3 cm™' respectively have been obtained as the 2/
values, showcasing stronger antiferromagnetic coupling in
these cases. Magnetic exchange interactions can also be
observed when -SH is replaced with S~ (anion) and § (radical).
But in the case of the § radical, its free electron quenches the
magnetic moment arising from odd Au,, clusters, but the inter-
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esting aspect is that exchange interactions can now be
observed with even Au, clusters (refer to subsection S4.2 of the
ESIT for 2] values in different S-Au linkages).

In the case of Auz-m/p-Au; and Auy;-m/p-Auy; to Au,g-m/
p-Auy, clusters, we have observed a significant reduction in
magnetic interaction strength between the magnetic centers.
While it’s expected that the magnetic interaction strength
decreases as the cluster size increases, it’s notable that with
just one unpaired electron present, there is a diminished spin
distribution across the atoms of the Au,, cluster known as the
spin dilution effect. However, the case of Aus-m/p-Au; is par-
ticularly interesting. Here, the magnetic interaction strength is
unexpectedly low, despite the presence of only three atoms
and the unpaired spin being distributed among them.
Following this observation, we further investigated the spin
population distribution in the isolated Auj cluster and in the
case where clusters are connected through benzene (refer to
section S5 of the ESIt for spin density distribution). The atom
of Au; cluster attached to the SH group, whether it is 1, 2, or 3;
regardless of the spin density in the isolated case that atom’s
spin magnetic moment reduces to 0.13up and the spin
moment redistribution leads to spin delocalization over the
other two atoms of the cluster, with most of the spin moment
(0.986pp) still lying with the Auj cluster which suggests that
the spin centers exhibit a propensity to avoid coupling path-
ways through the organic spacer. Also, it is interesting to note
here the change in the geometry of the Au; cluster from an iso-
sceles triangle to the equilateral triangular shape when con-
nected through the coupler.

3.3 Factors influencing exchange coupling magnitude

3.3.1 Impact of gold cluster’s coupling site. The magnitude
of exchange interactions is also found to be dependent upon
the atom of the gold cluster utilized to make connection with
the thiol group. This dependence is attributed to the non-

Para-coupled Au,, Clusters

Augp-Aus  Aupp-Au;  Augp-Auy  Aug-p-Auy Auggp-Aug; Aug-p-Augy

b) B B BEEEEEE B B e
252 -1 .88
-10
-20
-20.36
30 -25.66

-0.28

2J (em™)

-0.34

0 AugpAuy  Auep-Aus  Augp-Aug

p-tDEB

Fig. 6 (a, b) Magnetic exchange coupling constant variation in odd Au,, clusters, n = 3,...,19 coupled through the t-DEB (meta and para) organic
spacer represented as Au,-m-Au, and Au,-p-Au,. The inset of (b) shows the 2J values for Auz-p-Aus, Auis-p-Auss and Auiz-p-Aus; as they have
lower values in comparison to the other Au,-p-Au,, geometries. Refer the ESIt for para and meta coupled Au, clusters.
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Table 2 Single point energies and calculated magnetic exchange coupling constants (2J) for Au;-m/p-Au; and Aug-m/p-Aug clusters with and

without the capping agent (SH;)

Energy (Ep) <§*>

BS HS BS HS 2J (em™)
Auy-m-Au, -1452.165381 —1450.165445 1.01 2.01 27.88
Auy-m-Au, (SHy) —2250.885193 —2250.885235 1.01 2.01 18.48
Auy-p-Au,y -1452.167157 —1452.166706 0.99 2.00 -196.34
Auy-p-Au, (SH,) —2250.887052 —2250.886478 0.99 2.00 —248.04
Aug-m-Au, —3624.244986 —3624.244990 1.01 2.01 1.82
Aug-m-Au, (SH,) —5221.742238 —5221.742254 1.01 2.01 6.90
Aug-p-Aug —3624.245767 —3624.245670 1.01 2.01 -42.26
Augp-Au, (SH,) —5221.741919 —5221.741769 1.00 2.00 —65.02

uniform spin population distribution over the cluster’s atom.
Whenever we involve an atom with a higher spin density in the
case of an isolated cluster to attach it with the SH group,
higher magnetic interaction strength between the spin centers
is observed because of the strong delocalization of the spin
magnetic moment throughout the coupling pathway with the
maximum of it retained with sulphur of the thiol group, which
is manifested in the higher 2/-values (refer to section S4 of
ESIT); e.g., atom no. 1, 2 in the Aus cluster, atom 6, 7 in Au,,
atom 9 in Au,, atom 3 in Auy; and so on. On the other hand,
the utilization of atoms with a lower spin density gives
minimal magnetic exchange interaction between the odd Au,
clusters coupled via t-DEB; for example atom 5 in Aus and Au,,
atom 7 in Au, etc. As in this case, most of the spin magnetic
moment remains with the gold cluster itself.

Magnetic exchange interactions also depend upon the
shape of the magnetic orbitals, for instance the nature of orbi-
tals in the case of AFM interactions is disjoint while FM inter-
actions involve non-disjoint orbitals”®*"(refer to subsection
$4.0.3 of the ESIY).

3.3.2 Effect of the capping agent (SH,). The small odd Au,
clusters with n = 5, 7, 9 when coupled with an organic spacer
display quite good FM/AFM ordering. There are several experi-
mental shreds of evidence of synthesizing Au NPs.>**'"5* But

Au;-m-Au, (SH,)

Au;-m-Auy,

Aul-p-Aul Alll-p-Alll (SHZ)

thiol-capped Au NPs are quite popular in the literature for sta-
bilizing gold nanoclusters to utilize them in practical appli-
cations. To investigate, can the capping agent protect and keep
the magnetic ordering of coupled Au NCs intact? In our endea-
vor to evaluate how the presence of the capping agent®>** SH,
affects the coupling strength between odd gold clusters, which
are linked together through the m-tDEB and p-tDEB coupler,
we have bound one SH, group to the Au atom and two SH,
groups to the edge atoms of the Auy cluster, allowing us to
scrutinize how this agent shapes the coupling dynamics in
Auy-m/p-Au; and Aug-m/p-Auy configurations.

Comparing the scenarios with and without the capping
agent for Au; and Au, coupled through m/p-tDEB outlined in
Table 2, it’s evident that the incorporation of SH, capping
effectively safeguards and enhances the inherent magnetism
within the gold atom as well the Aug cluster. This is reflected
in the elevated 2/-values after binding the capping agent to the
gold atom and edge atoms of the Auy cluster except in Au,y-m-
Au; where the Au-S bond length is 3 A, highest among all the
cases. This enlargement of Au-S bond length moves the spin
sources far away from the coupler, thereby reducing exchange
interactions. Otherwise, except for Au;-m-Auy, in all the other
cases spin density plots (see Fig. 7) suggest that attachment of
the capping agent increases the spin magnetic moment

Auy-m-Auy

Auyp-A .
Hop=Atly Augp-Au, (SHy)

Fig. 7 Spin density of the optimized geometries of the Au atom and Aug clusters coupled via t-DEB, computed at the UB3LYP/def2-TZVP(ECP for
Au)/def2/J level. The o and p spins are shown in blue and red color respectively with the isosurface value 0.001 up A3
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towards the coupler pathway, thereby increasing the exchange
interactions.

4 Conclusion

In the odd Au, (n = 1,3, ... 19) clusters, one unpaired electron,
responsible for the magnetism in nano-clusters, becomes dis-
tributed amongst the constituent Au atoms in an unsymmetri-
cal manner. As the cluster size expands, this unitary spin mag-
netic moment becomes progressively apportioned among the
increasing number of constituent atoms, thereby converging
towards an approximate 1/n ug per atom. When two such one-
electron paramagnetic Au-nanoclusters are coupled via an
organic spacer, thiol-functionalized diethynylbenzene (t-DEB),
definite magnetic ordering can be obtained. The meta and
para t-DEB spacers result in the ferro and antiferromagnetic
ordering of the magnetic moments. The n-conjugation in the
organic spacers avail spin-altered exchange pathways to facili-
tate the ferro (antiferro) magnetic coupling in the meta (para)-
connected Au-nanoclusters. The spin moments of the Au, clus-
ters make the linker thiol groups spin polarised, which in turn
takes part in the conjugation with the coupler and facilitates
the exchange mechanisms.
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