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Relativistic DFT calculations of magnetic moments on
pristine and thiolated Mn@Au, (x =6, 12)
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In this work we present results from relativistic DFT calculations of magnetic moments for
manganese inserted into a gold ring (Mn@Aug) or cage-like structure (Mn@Au,,) both pristine
and n-thiolated. Optimization has been carried out to obtain different isomers always favouring
the endohedral gold clusters with the Mn inside. For the total magnetic moment (from
electronic population analysis) a verification of the jellium model has been performed in each
case. It is concluded that the magnetic moments arise largely from the doped manganese atom
and that thiolation can modulate its value, which is not present in the pure form. In the
Mn@Au;, clusters we observed the formation of a hole, in their structure; this could be a
characteristic of insertion of a highly ferromagnetic dopant in some metal clusters, such as
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gold, and these could act as a precursor of the formation of gold magnetic nanotubes.

I. Introduction

Gold has unique properties; it is a heavy element and its
electronic structure has important relativistic effects'”. The
clusters formed by gold are characterized as having a large
number of stable isomers planar or three-dimensional, with
lower or higher symmetry, leading to different magnetic
moments. The magnetic moments of gold clusters depends on
the structure and number of atoms®''. For example, the most
stable isomer for Au,, has Cg symmetry, a binding energy (£},)
of 1.8 eV and HOMO-LUMO gap (HL-gap) of 1.077 eV. *'*12,
Some of these isomers have been fully characterized
experimentally and theoretically using techniques like far
infrared multiple-photon dissociation (FIR-MPD) on clusters
produced by laser vaporization' >4,

When a gold cluster is doped with transition metals it is
possible to obtain physical and chemical properties for potential
applications in: optics, solid state physics, microelectronics,
nanotechnology, biology and other areas™'>'®. Some
experimental and theoretical work has shown that the
introduction of a dopant atom in metallic clusters can
drastically change their properties'>™'°. Specifically introducing
a Mn atom inside a gold cluster can not only increase the
stability'? but also affects the magnetic properties'>2%2¢.
Experimental evidence for changing magnetic properties in Mn
and Au clusters has been found by Schiller’’, also M. Zhang et
al" have reported for the Mn@Aug cluster with Dg;, symmetry a
magnetic moment of 3.0 up is present; in addition, they also
calculated a HL-gap of 0.72 eV. and a E, of 2.35 eV. In
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general, gold clusters doped with manganese have been
observed to exhibit enhanced magnetic properties up to
ultrahigh values of 44.0 ugp in Mn;3;@Au,, with octahedral
symmetry**. Janssens ef al'” established the stability of cationic
gold clusters doped with Mn by employing mass spectrometric
analysis of fragments resulting from intense irradiation of a
cluster beam. The enhanced stability of the fragments led to the
first observation of 2D magic numbers, consistent with a square
well potential with triangular, circular and square symmetries.
The first seven magic numbers observed by this group, for
example, with circular symmetry are 2, 6, 10, 12, 16, 20 and 24.

Using protecting ligands like methanothiolates (SCHj3;) in
nanoparticles, such as gold, makes a film relatively inert
against external agents, providing enhanced stability, well
defined monodispersity for potential applications in
nanotechnology, biology, catalysis, spintronics, photophysical
and magneto-physical devices®’!. Synthesis and isolation of
self-assembled  thiolate clusters has been conducted
successfully over the past decade®* ™. Iwasa er al*® reported a
variable magnetic moment in gold with thiolates
[Au,y5(SCH;)5]" forn = 3-, 2-, 1-, 0, 1+, 3+.

In the present work we report results of relativistic DFT
calculations of the structure, stability, total magnetic moment
and spin density of nanostructures composed by endohedral
Mn@Aus and Mn@Au,, clusters, in both their pure and n-
thiolated forms. The number of thiolates added to the metallic
structure might be used to modulate the magnetic moments of
the clusters.
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IT Methodology

For the present work calculations have been carried out using
the Amsterdam Density Functional (ADF) code®® based on
Density Functional Theory (DFT)*’. The exchange-correlation
functional used is the generalized gradient approximation of
Perdew and Wang (GGA-PW91)* which has previously been
shown to be accurate for transition metals'’. All calculation
were performed with relativistic scalar zeroth-order regular
approximation (ZORA) into Dirac equation for the relativistic

effects®®*!

. The optimization process used a quasi-Newton
approach with the BFGS-Hessian matrix updated formula.
Since ADF employ Slater-type functions for the basis set, all
the final calculations are all-electron and of quadruple-zeta plus
four polarization functions (QZ4P)** quality. We used Mulliken
population analysis** (MPA) and multipole derived charge
analysis (MDC)* to estimate the average spin density in order
to determinate the contribution of the Mn to the total magnetic
moment. It is convenient to outline the method we employ to
determine the multiplicity (M) for the lowest-lying isomer. We
performed geometry optimizations varying in every case the M
from the lowest possible to the likely highest: a singlet state
followed by triplet, quintuplet, etc state; or double, quadruple,
sextuple state. In each case, we selected the multiplicity with
the lowest binding energy and we performed vibrational
frequencies analyses to probe the isomer stability. In cases
which gave all real frequencies, relative binding energies were
computed with respect to the lowest energy.

III Results and discussion

In the first instance we optimized the structure for some
Mn@Aug isomers previously reported in refs. 12 and 15 using
PW91 and PWO91/BP86 exchange-correlation functionals
respectively. In Table 1 the results for the three low lying stable
isomers are shown, including their point group symmetry, M,
total magnetic moment, magnetic moment of the Mn atom,
relative binding energy (BE) and HL-gap. The optimized
skeletal structures for these isomers are shown in Fig. 1
including the bond lengths. For the two first isomers (of C, and
D¢, symmetry) we obtain good agreement with Dong et a/'?, but
with a BE of 0.07 eV against 0.13 eV; while the results from
Zhang et al'® are in reverse order compared to ours, and have a
large BE difference (1.83 eV); these big differences are perhaps
due to another spin multiplicity being considered for the C;
isomer (the total spin was not reported in ref. 15). The bond
lengths of the Cg isomer compared with that reported in 12 have
a maximum difference of 0.1 A and its HL-gap is
approximately 1.0 eV, which is in agreement with ref. 12. The
HL-gap of the Dg, structure is 0.7 eV and is in excellent with
that reported in ref. 15 (0.72 eV). With respect to the third
isomer we found it had C,, symmetry rather than Cs, has
reported by Dong ef al'?. Regarding the magnetic moments in
the Manganese atom for the Dy, isomer, we report 3.68 vs
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4.28 ,uBIS and for C, ,4.13 vs 4.56 ,uBlz. These differences may
be due to the inclusion of the relativistic effects using ZORA
giving a better description of the spin density for the diffuse
gold valence electrons.

Our results Dong et al*
C [ Den | Cov [ G | Den | Cu
M 6 4 6 6 4 6
H(He) 5 3 5 - - -
Mwn (Hs) 4.13| 3.68 4.44| - - -
BE (eV) 0.00] 0.07| 0.49( 0.00[ 0.13] 0.27
HL-Gap (eV) 1.03 0.70] 0.29] - - -

Table 1 Low-lying stable isomers of AugMn as compared with

Dong et al'? isomers for Multiplicity (M), total magnetic
moment u [up/, magnetic moment of Mn (ty,) (MPA),
Binding Energy (BE) and HUMO-LUMO gap.

We can explain directly the resulting total magnetic moment in
Dgy, isomer using the phenomenological shell model (PSM) or
jellium model for metallic clusters, in which 2 of the 5 unpaired
electrons in the Mn are paired with the Aug ring valence
d.. and d,,
orbitals, giving a magnetic moment of 3.0 ug®*. To verify if this

electrons leaving unpaired electrons in the d,.,

is in agreement with the jellium model, we have 6 unpaired
electrons from the 6 gold atoms (...6s') and 7 from the
manganese (...4s’3d”) giving a total of 13. The corresponding
magic number for a circular symmetry structure is 10 (see ref.
17) and there are 3 unpaired electrons, giving a magnetic
moment of 3.0 ug. For the Cg symmetry, which is the most
stable, there is a drastic decrease in planar symmetry and so the
magic number also decreases; in this case it is 8 with a square
well potential with a triangular symmetry'’ giving a magnetic
moment of 5.0 ug. Two Mn electrons are transferred to the
triangle forming the apex opposite to Mn (see Fig. 1a). The C,y
symmetry structure fits better in a square well potential with
square symmetry'’, so the magic number corresponds also to 8
and the resulting magnetic moment is 5.0 ug. The Mn transfers
only two electrons to the four gold atom of the isomer basis of
Fig. 1c.

This journal is © The Royal Society of Chemistry 2012
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Ep[Mn@Au, (SCH;),]
t = (E[Mn@4uy (SCH;),] — E[Mn@Au, ]
— x(E[SCH,))) /x

ey

Fig. 1. Cluster of Mn@Aus in three different
symmetries a) C,, b) Dgj, and ¢) C,, (two views).

Mn@AusSCH, (X=1,2,...,6)

Iwasa et al”® found tunable magnetic moments in charged
thiolated core-in-cage gold clusters, however, we will see in the
present work by selecting the number of thiolates we can
modulate the magnetic moments in neutral endohedral Mn in a
gold ring or gold cage clusters. To see how the molecular
orbitals are filled in the cluster according to the jellium model
(considering the thiolate influence as a small perturbation), the
sulphur in the thiolates must be considered as a donor of one
electron to the molecular orbitals (MO). The six gold atoms in
the ring are treated similarly, which provides 6 electrons to the
cluster, one per gold atom (...6s'). Finally, for the manganese
atom we have 7 electrons (...4s?3d%). In Table 2 we tabulate
the total bond energy (Ep), the binding energy per thiolate
(Ep;e) calculated from eq. 1, the total magnetization u,
multipliclity, HL-gap and the valence electron distribution
according to the jellium model. For the Ejp;; we used the values
Ey[Mn@Aug] = -21.16 €V and E,[SCH3] = -22.70 eV and
these represent the binding energy per thiolate between the
hexagonal gold ring and the thiolates. For the single-thiolated

complex (Fig. 2a), the lowest-lying structure is with the thiolate Fig. 2. Equilibrium ground state isomers for Mn@Auy +
on bridge and we have a total of 14 valence electrons which (a) 1 thiolate, (b) 2 thiolates, (c) 3 thiolates, (d) 4
include one electron from the S, 6 electrons from the Au ring, thiolates, (¢) 5 thiolates and (f) 6 thiolates.

and 7 electrons from Mn. The magic number is 10 in this case,
one from S, 6 from Au and 3 from Mn, with the remaining 4
electrons unpaired, giving us a total magnetic moment of 4.0 g
(see Table 2).

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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D¢, — Hexagonal
E,(eV) | Epr(eV) | u[ugl | M| GAP HL "jellium"
Mn@AueSCH; -47.09 -3.23 41 5 0.7 | 1e_S+6e_Au +3e_Mn =10e
Mn@Aug[SCH;], | -71.42 -2.43 3|1 4 0.31 | 2e_S+6e_Au+4e_Mn=12e
Mn@Aug[SCH;]; | -97.07 -2.60 41 5 0.56 | 3e_S+6e_Au+3e_Mn=12e
Mn@Aug[SCH;], | -121.47 -2.38 5[ 6 0.76 | 4e_S+6e_Au+2e_Mn =12e
Mn@Aug[SCH;];s | -146.44 -2.36 41 5 0.42 | 5e_S+6e_Au+3e_Mn = 14e
Mn@[AuSCH;]s | -172.21 -2.48 5[ 6 0.89 | 6e_S+6e_Au+2e_Mn = 14e

Table 2 Total bond energy (from ec. 1 with x=0 to 6 and y=6), average bond energy per thiolate, magnetic moment, spin
multiplicity, HOMO-LUMO gap and electronic configuration in jellium model.

When another thiolate is added, the ring structure (Mn@Aug)
seems to be unaffected, conserving the internal symmetry (Fig.
2b). The low-lying arrange is with the two thiolates on bridge at
opposite sides. The E,; reduces by 0.8 eV indicating a lower
binding of the thiolates to the hexagonal gold ring and is the
only thiolated complex for which the total magnetic moment is
the same as the bare cluster. The magic number for this cluster
is 12, with the remaining 3 electrons being unpaired, which
implies a magnetic moment of 3.0 ug. The HL-gap decreases
significantly with respect to the one thiolate cluster by 0.39 eV.
The magnetic moment, according to the jellium model, with
three thiolates (two on bridge and one on top alternating see
Fig. 2c¢), (Mn@Aus(SCH3);) means the manganese atom gives
3 electrons to the cluster, the sulphur atoms give 3, and the
gold atoms 6, with the remaining 4 electrons unpaired. The HL-
gap increases slightly with respect to 2-thiolated cluster, by
0.25 eV and also the E;;, by 0.17 eV. The Mn@AusSCH;],4
cluster (two thiolates on bridge, two on top in opposites sides)
shows an increase in the HL-gap of 0.76 eV and the magnetic
moment becomes 5.0 ug. In this case, the isomer has some
distortion in the Au ring plane bending opposite to the direction
of the thiolates orientation (Fig. 2d); however, the jellium
model, when applied to the cluster with circular symmetry
gives a magic number of 12 (Table 2) and 5 unpaired electrons.
For the cluster with 5 thiolates the central hexagonal symmetry
breaks as well, and two thiolates align with the gold ring
breaking the symmetry (Fig. 2e). The contribution to the
magnetic moment comes from: 5 electrons from S atoms, 6
from the Au ring and 3 from manganese. Since the symmetry is
broken, we find 14 paired electrons on the gold ring (non magic
number) and 4 electrons unpaired on the Mn atom, and so the
magnetic moment is 4.0 ug. Finally, for the cluster with 6
thiolates (all thiolates on bridge, see Fig. 2f) the central ring
appears to have hexagonal symmetry Dg,, however, given the
different orientation of the C atoms the symmetry reduces to
C,, and so the number of paired electrons were found to be 14,
leading to a magnetic moment of 5.0 up. The structure with this
symmetry has three thiolates pointing down from the principal
axis of the central gold ring and three pointing up, distributed

4| J. Name., 2012, 00, 1-3

uniformly, with each sulphur forming two single bonds with
two gold atoms. According to Table 2, this cluster has the
biggest chemical stability with 0.89 eV. Ey, has an average
value of 2.45 for all the n-thiolated complexes with 2 < n < 6.

Table 3 shows the spin density for the principal elements of the
cluster: gold, manganese and thiolates taken from MPA*? where
the Mn atom seems to be the principal contributor to the total
magnetic moment. The thiolates by themselves do not play a
significant role in the magnetic moment, except for
Mn@Aug(SCHs),, there seems to be an incremental tendency in
the total magnetic moment with an even/odd alternation.

Number of Thiolates
0 1 2 3 4 5 6
Au -0.68 022 -0.36 048 0.79 0.33 0.79
Mn 3.68 383 383 381 4.03 393 411
SCH; | --- -0.06 -0.46 -0.29 0.18 -0.25 0.09
Sum | 3.00 400 3.00 400 500 400 5.00

Table 3 Spin density contribution (from MPA) of Aug, Mn and
SCH; to the total magnetic moment of the clusters with 0 to 6
thiolates in Bohr magnetons [ug].

Mn@Auu

The cluster Mn@Au,;, becomes a cage-like structure of gold for
all symmetries, with the manganese atom approximately in the
centre of mass of the gold atoms. The first isomeric symmetry
we tried to stabilize was of I, (Fig. 3a) for which we obtained a
converged geometry for each of the doublet, quadruplet, and
sextuplet states, but each of these has at least one imaginary
frequency, meaning the icosahedral isomer is not stable. In
Table 4 are tabulated the binding energies, HL-gap, spin-
density on gold and Mn, total magnetic moment and M for the
Mn@Au,, isomers showed in Fig. 3. All the isomers have
similar binding energies however the HL-gap of I, is notably
lower confirming its instability. Both isomers Dg;, and C, are

This journal is © The Royal Society of Chemistry 2012
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not denoted by their point symmetry group but their initial
symmetry before optimization.

BE GAP | SD- SD- | u
Mn@Au;, | (eV) HL Au Mn [us] M
o, -36.75 0.36 1.07 393 |5 6
D" -36.70 0.39 -0.73 3.73 |3 4
I,* -36.37 0.08 -2.90 3.90 |1 2
Cc’ -36.03 0.18 0.95 4.05 |5 6

Table 4 Bond energies, HL gap, Spin density of gold atoms,
spin density of manganese (from MPA), magnetic moments and
multiplicity for doped gold clusters with manganese.

*2Cg and 2Dg, do not represent the symmetry, but only a way
to identify structure following geometry optimization.
* not in equilibrium.

According to the spin density, the Mn is providing four
unpaired valence electrons to the total magnetic moment of the
cluster in each case, and the contribution of the gold atoms
varies with the different symmetries. In the case of octahedral
symmetry Oy, (Fig. 3b), the gold atoms provide one electron and
the Mn four, so we can write in terms of magnetic moments or
spin density Mnlt4lks @Auizllﬂﬁ . This symmetry has the
highest binding energy and a high HL-gap with respect the
same group. This equilibrium symmetry was obtained breaking
the icosahedral symmetry (I,) using a thiolate attached to one of
the gold atoms and allowing relaxation (see Fig. 4a), then
removing the thiolate (Fig. 3b).

For the C; symmetry also we obtain the magnetic moment
distribution Mnl*41#s @Aug Hep . This symmetry was obtained
taking a structure of Cg symmetry (Fig. 1c) above another equal
in parallel (in a sandwich) at certain distance from each other,
and then allowed them to relax. This isomer competes in
binding energy with Oy, but has a lower HL-gap. The last of the
equilibrium  geometries, magnetic
decomposition Mnl+41eg @Au;llﬂﬁ , was initiated with one Dg,
structure above another like the Cg case; however this geometry

with a moment

lost symmetry when it was allowed to relax, but the binding
energy difference is only 0.05 eV with respect to the Dg,
structure. In this case the gold atoms have an opposite
contribution to the total magnetic moment.

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 Equilibrium geometries for pristine Mn@Au;, in
symmetries a) Icosahedral I, b) Octahedral Oy, ¢) Two Cg (one
below the other) and d) two quasi hexagonal D¢, symmetry (one
below the other) optimized with PW91 (ADF).

Mn@Au,,SCH, (X=1,2,...,6)

One of the methods used to obtain the octahedral symmetry was
breaking the icosahedral symmetry through the adsorption of
one thiolate to two gold atoms forming a bridge. The resulting
complex is shown in Fig. 4a. The total magnetic moment of the
octahedral structure decreased from 5 up without the thiolates
to 4 up with one thiolate (see table 4); this may be because the
sulphur atom donated one of its electrons to be paired with one
of the unpaired gold electrons. In Table 4 are shown the binding
energy, binding energy per thiolate, HL-gap, spin density per
fragment and the total magnetic moment for the thiolated
cluster as a function of the number of thiolates. The structure
Mnl*4lue @Au;l]uﬁ (SCH3), (Fig, 4e) comes from relaxation of
an icosahedral structure with two thiolates at the sides, giving
us two pentagons, one over the other, with two gold atoms
displaced towards the thiolates. Looking at the cluster from
above there is a hole seen where the only particle is the
manganese atom exactly in the middle. The contribution of spin
density (SD) of gold atoms to the u, is negative and
compensated by the thiolates giving a total g, of 3 pg.

J. Name., 2012, 00, 1-3 | 5
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E, (eV) Eya(eV) ;Il;' (SSDC-H3)X SD-Au | SD-Mn | u,, [us]
Mn@Au;,SCH; -62.321 -2.87 0374 | 0.000 0.046 | 3.955 4
Mn@Au;,[SCH;], | -86.340 2.10 0343 | 0.157 -0.670 | 3.513 3
Mn@Au,,[SCHs]; | -112.827 | -2.66 038 | o0.011 0.826 |3.163 4
Mn@Au,,[SCHs], | -136.424 | -2.22 0.070 | 0.329 0.064 | 4.735 5
Mn@[AuSCH;],," | -333.481 [ -2.03 0.038 | 0.310 0.122 | 4.569 5

Table 5 Bond energies, Bond energies by atom, HL gap, spin density of thiolats, spin density of golds, spin
density of manganese (from MPA) and magnetic moment for thiolate doped gold clusters with manganese.
(*we were unable to perform frequencies due to the cost of quantum chemical calculations).

Adding three thiolates to a I, symmetry structure we found the
structure Mnl*3te@Ault ¥ (SCH3); (Fig. 4b). Only with the
adsorption of up to three thiolates do we obtain chemical
stability with HL-gaps of 0.37 eV on average from 4 thiolates
onwards the isomers are not very stable (cases for more than 5
thiolates was not possible check stability through a Hessian
calculation due to the huge demand of calculations). We show
the 4 and 12 thiolated clusters only for comparison. In all cases
the binding energy per thiolate is similar in average to the
Mn@Aug thiolated cluster (2.26 eV) discounting one of single
thiolated cluster energy which is significantly higher. The Fig.
4c shows us a geometry MnltSts@Au, (SCH;), without any
symmetry like the others, this comes from breaking the I,
symmetry with the thiolates. In this particular case the
contribution to the u,, comes from the Mn atom. The same
magnetic behaviour occurs with the 12-thiolated cluster
Mn*Sls@Au?, (SCH3),, (Fig. 4d). This symmetry exhibits,
like the others, a clear hole with the Mn atom in the centre. The
formation of these holes takes the form of cylindrical
nanostructures with the addition of thiolates that resembles gold
nanotubes™.

Fig. 5 and 6 show the Mn contribution to the total magnetic
moment of the bare and thiolated clusters. The contribution
according to MPA of the Mn to the total magnetic moment of
the n-thiolated Mn@Aus cluster has small variation for
changing n in concordance to the internal structure (gold ring)
which has small variations as well; however for 0 and 2
thiolates the Mn contribution is slightly above the total
magnetic moment (see Table 3) implying opposite
contributions of gold atoms and thiolates. The MDC-monopolar
and dipolar do not have this excess of spin density contribution
of Mn, but the MDC-quadrupolar gives a significant increase of
the Mn magnetic moment for 0-2 thiolates implying a lower
magnetic shielding of p, at short distances. For 3-6 thiolates
the two charges partitioning schemes show similar trends with
MDC 0.9 up above MPA in average. In the n-thiolated
Mn@Au,, case the MPA-uy;, has important variations from
3.16 ug with three thiolates to 4.74up with four thiolates
according with drastic changes on the gold cage structure
dependant on the number of thiolates. The MDC-py, shows a
odd-even trend with p, always lower to 3 up except for the
12-thiolates MPA-monopolar with a higher value of 4.60 ug. In
general, the predicted MDC Mn contributions to the total

6 | J. Name., 2012, 00, 1-3

magnetic moment of the clusters are lower than MPA and the
MDC-m,d 2-thiolates and MDC-d,q 4-thiolates have values
lower than 1.0 up showing a great magnetic shielding effect for
these thiolated gold cages according to this charge partitioning
scheme.

Fig. 4 Equilibrium geometries for thiolate Mn@Au;, a) 1
thiolate (Octahedral O,), b) 3 thiolates, ¢) 4 thiolates d) 12
thiolates and e) 2 thiolates optimized with PW91 (ADF).

This journal is © The Royal Society of Chemistry 2012



Page 7 of 8

4.8 T T T T T

20 [ + Mn@Au,,(SCH,) N ]
o Mn@Auy(SCH,)
4.4} 4
4.2¢ 1
A@_
L]

= 4 + .

§ 3.8} * L . J
=1
3.6f 1
+

3.4F 1
3.2F -k 1

3 L . L L .
0 1 2 3 4 o5 6

n (thiolates) +12

Fig. 5 Mn contribution (from MPA) to the magnetic moment to
the cluster Mn@Au,(SCH3), (x=6 in blue and x=12 in red) in
Bohr magnetons, where n is the number of thiolates.
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Fig. 6 Mn contribution to the magnetic moment to the cluster
Mn@Au,(SCH3), (x=6 in blue and x=1/2 in red) in Bohr magnetons,
where n is the number of thiolates. In terms of multipole expansion
for Monopoles (MDC-m X, ©), Dipoles (MDC-d -, V) and
Quadrupoles (MDC-q +, ©).

II1. Conclusions

The magnetic moments of MnAus and Mn@Au,, pure and n-
thiolated clusters were calculated using a relativistic DFT-
ZORA method. For Mn@Au, two of the three geometries
studied are planar. The non-planar isomer has a C,y symmetry
structure and had a high g, of 5 up. Under D¢, symmetry, we
found four of the seven free electrons of the Mn paired with
electrons from gold atoms leaving three unpaired, giving us a
magnetic moment of 3 ug. However, the most stable structure
of the Mn@Aug isomers had Cg symmetry, and also exhibited
the highest value of u,, (5 up); also had a large HL-gap (1.03
eV). In all three cases we conclude the jellium model is

This journal is © The Royal Society of Chemistry 2012
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compatible with our results which explain accurately the
resulting u,,. When we attached thiolates on the Dg, structure
in most cases the internal symmetry was conserved, except for
the cases of four and five thiolates where plane bending and
asymmetric bond elongations become present. With respect to
the magnetic moment for three of the six geometries, with 1, 3
and 5 thiolates, the u,, is 4 ug, clearly not showing change for
odd number of thiolates. With even thiolates for x=2 the u,, is
3 up and for the other two the magnetic moment is 5 ug. In all
these cases it seems the jellium model fits in adequately and the
principal contribution of spin density is provided by the
manganese atom. Stable geometries of manganese inside a
twelve gold cage-like structure was found for three symmetries,
but the icosahedral one was unstable. The structure that was
highest in stability and symmetry at equilibrium is the
octahedral structure which has a HL-gap of 0.36 eV as well as
a high u,, of 5 ug. The other two symmetries which we identify
by Cs and Dg, (in terms of their initial structures before
relaxation) have a g, values of 5 ugand 3 up respectively and
HL-gap of 0.18 eV and 0.39 eV. The lowest values of both the
HL-gap and u,, is seen for the unstable icosahedral structure
with 0.08 eV and 1 ug. The complexes Mn@Au,[SCH;], (n =
1,2, 3, 4, 12) were obtained by adding thiolates to Mn@Au,, at
icosahedral symmetry I, and in the process of geometry
optimization the cluster was notably distorted, for example with
n=1 where the symmetry was reduced from icosahedral to
octahedral. The contribution of the manganese to the spin
density varied between values of 3.16 (~3pug) for
Mn@Au,[SCH3]; to 4.74 (~5ug) for Mn@Au,[SCH;],
according to MPA and 0.36 (~0 ug) for Mn@Au,,[SCH3], to
4.60 (~5 ug) for Mn@Au,[SCH3;];, according to MDC-m.

All the equilibrium isomers exhibit holes exposing the
manganese atom in the interior, which could be a characteristic
of ferromagnetic elements inside transition metals and a
precursor of magnetic gold nanotubes.
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