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ABSTRACT: Single molecule magnets (SMM) adsorbed on surfaces as magnetic
building blocks represent a hot topic of research in the area of molecular magnetism.
Indeed, the understanding the properties of molecules on surface is extremely
challenging as atomistic structures are not readily available. In this regard, theoretical
studies as reliable tool to reproduce and predict the structure and the magnetic ground
state of SMMs in the bulk phase and adsorbed on a surface, should be considered very
appealing. In this framework, we report a periodic density functional (DF) study on
two {Mn6} SMM complexes of general formula [Mn(III)6O2(R-sao)6(O2C-th)2L],
where HO2C-th=3-thiophene carboxylic acid, saoH2 = salicylaldoxime, R = H and L =
(EtOH)4 (1) or R = Et and L = (EtOH)4(H2O)2 (2), performed to ascertain the
structure of their self-assembled monolayers (SAM) on the Au(111) surface. Their
magnetic properties in vacuum and in the adsorbed state have also been computed and
our results clearly demonstrate that the grafting process is expected to not be a smooth
one as it alters their bulk structure and, consequently, their magnetic properties.

■ INTRODUCTION

The interest in molecular nano magnets (MNMs)1 had grown
tremendously in recent years due their potential applications in
high-density information storage devices, Q-bits in quantum
computing and in spintronics devices to name a few.2 The
discovery that a cluster of manganese(III,IV) ions, {Mn12},
retains its magnetization in the absence of magnetic field (single
molecule magnet, SMM, behavior) may prove to be of great
technological importance, provided that the phenomenon is
observed at temperatures significantly higher than liquid helium
temperatures. The reversal of magnetization in SMMs is
hampered by a barrier reversal whose height is given by |D|S2

for integer spin systems with S being the spin ground state and
D a negative axial anisotropy parameter.3 For the {Mn12} family
of complexes, the theoretical barrier height is estimated to be
60 K. Recently many lanthanide complexes reported to have
higher barrier height,4 in particular a {Dy5(III)} cluster with a
barrier of 540 K.5 Moreover, a monomeric Tb(III) complex
with phthalocyaninate ligands is reported to have a barrier
height of about 800 K,6 the largest known for such a class of
molecules. However, in most lanthanide-based SMMs, the
quantum tunneling of magnetization is very fast, leading to a
very small coercitivity in the hysteresis loop, a remarkable
exception being the lanthanide dimers bridged by the N3

−

radical7,8 Regarding clusters of transition metal complexes, a
breakthrough has been achieved with the discovery of a family
of {Mn6} complexes [Mn(III)6O2(sao)6(O2C-th)2L4−6],

9 where
HO2C-ph=3-phenil carboxylic acid, L = EtOH, H2O,

possessing a barrier height of ca. 90 K. This is the highest
reported for any transition metal SMM so far. Another
bottleneck in taking MNMs to end-user applications relays
on organizing the molecules on solid-surfaces in order to access
individual molecules. Many of these polynuclear clusters are
very fragile and undergo some structural transformations upon
adsorption. The surface-molecule interaction in many cases
lead to the loss of SMM characteristics and this has been
witnessed in a variety of cases including the archetypal {Mn12}
SMM.10 Recently, using a long chain alkyl thiol, a {Fe4} SMM
has been organized on Au(111) surface and its SMM features
on Au(111) surface have been observed using XMCD studies.11

Understanding the surface−adsorbate interaction is thus very
important to develop a strategy to organize SMMs on surfaces
and in this regard theoretical tools are proven to have immense
potential as they offer atomistic structure of molecules on
surfaces and an insight into their physical as well as magnetic
properties.
In this framework, two {Mn6} complexes (1 and 2) have

been synthesized and their self-assembled-monolayers (SAM)
have been prepared and studied.12,13 Despite similar structural
topology, 1 exhibits a spin ground state of S = 4 while 2 has a
ground state of S = 12 with a barrier height of 86 K (See Figure
1).
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The difference in the ground states arises from the different
strength of the magnetic exchange interactions between the
individual Mn(III)−Mn(III) pairs. These are an ideal system to
investigate at the atomistic level the effect of surface-molecule
interaction because the two clusters are structurally similar yet
exhibit very different magnetic properties, highlighting the fact
that even a small perturbation in the structure can cause a large
variation in the magnetic interactions. Theoretical modeling of
such clusters on a solid substrate like Au(111) is challenging
not only because of the large number of atoms included in the
model but also because the computed structure and properties
should be of very high quality to ascertain small differences.
Thus, this system poses a real challenge to the theoretical
method we have established in previous works.15,16

■ COMPUTATIONAL METHODS
In this paper, we used DF-based structural optimization to
model complex 1 and 2 in gas phase and grafted on Au (111)
surface and to determine ground state and magnetic exchange
parameters. The simulation cell for the complex grafted on Au
contains 450 atoms, and the molecular orbitals are described
with a Gaussian-type orbital basis set of more than 2000
functions. The three layers model to mimic the gold surface has
been validated in refs 11, 15, and 16. The convergence criteria
of 1 × 10−6 hartree for self-consistent-field energy and 2 × 10−3

hartree bohr−1 for the atomic forces, have been considered to
get reliably converged structures. To solve the KS equations, we
apply the Gaussian and plane waves (GPW) formalism as
implemented in the CP2K package.17 Double-ζ basis sets are
used to describe the molecular orbitals, and the augmented PW
basis set is truncated to an energy of 400 Ry. Goedecker−
Teter−Hutter norm conserved pseudopotentials are employed
to describe the interaction between valence electrons and
atomic cores. Initially we focused our attention on bare X-ray
structure of 1 and 2 to see how optimization of the geometry
affects the ground state and the estimated magnetic couplings.
We used TPSS,18 PBE,19 and B9720 with van der Waals (VdW)
corrections.21 The optimized structures for the grafted species
were obtained by modeling the Au(111) surface by three
layers11,15,16 keeping the lowest one frozen during the
optimization.
With regards to the magnetic properties, it is quite well

established in the literature that the best agreement with the
experimental data is reached using the broken symmetry (BS)
approach, developed by Noodleman and Norman.22,23

Application of the BS formalism requires the knowledge of

the energies of 2N/2 single Slater determinants (where N is the
number of exchange coupling constants, J), and this task can
easily become difficult for large N.24 The number of computed
determinants was six for both isolated and grafted systems. The
BS determinants with different multiplicity were computed on
the optimized HS geometries both for the isolated and grafted
scenario with a convergence criteria of 1.0 × 10−7 for the wave
function energy gradient. We chose to optimize the structures
for the high spin (HS, S = 12) state in order to avoid problems
deriving from an optimization performed on a multideter-
minant state. The best results for the isolated structures were
obtained with the B97 functional with errors below the 3% on
the most important distances and angles for both systems in
their isolated form (see Figure S1, Supporting Information).
The functional B97 was therefore used throughout. Dihedral
angles αMn−N−O−Mn, with errors ranging from 1.0 to 10.0 deg,
are reported in Table 1.

■ RESULTS AND DISCUSSION
From the accuracy shown by CP2K in reproducing structural
crystallographic data even for such large and complex systems
containing several transition metals, we feel confident on the
geometrical description of grafting process for 1 and 2. In ref
13, it was suggested that the local coordination of Mn
undergoes an Oh-like rearrangement after grafting. What we
have seen is an overall resultant contraction of equatorial Mn−
O and Mn−N distances with a concurrent sort of shift for the
axial Mn−O distances for both Mn3 units and systems due to
the surface compression. The last effect can be directly ascribed
to the interaction with the Au(111) surface. On the other hand,
Au(111) surface seems to be “plastically” printed by the
systems steric shape inducing a depression of about 0.4 Å of the
total height of the slab at the deepest point. The optimized
structures for the grafted species are reported in Figure 2. The
Au(111) surface, as shown in Figure 2, adapts itself to the
cluster reflecting its noninnocent effect on the induced
distortions on the bottom Mn3 units in both 1 and 2 . The
grafting, in fact, induces an elongation of all Mn−Mn distances
from 0.01 to 0.03 Å in Mn3 units. Larger elongations have been
found for Mn−Mn distances connecting the two Mn3 units for
system 2, probably due to a major steric hindrance of the
ligands (see Figure S2, Supporting Information). For system 1,
where interactions Mn3···Mn4 and Mn1···Mn6 are propagated
via H-bonding and thus are expected to be weak, the following

Figure 1. Crystal structure of complexes 1 and 2.14 Manganese atoms
are purple colored. Sulfur, oxygen, nitrogen, and carbon are yellow,
red, cyan, and brown colored, respectively.

Table 1. Experimental and Computed Dihedral Angles
αMn−O−N−Mn for Complexes 1 and 2.

complex data source αMn−O−N‑Mn, deg

1 X-ray25 8.9, 25.6, −2.5
−8.9, −25.6, 2.5

isolated structure 8.0, 15.0, −9.1
0.0, −22.9, 9.2

adsorbed structure 4.1, 13.1, 12.7
−2.6, −20.3, 16.2

2 X-ray26 39.1, 34.9, 43.1
−39.1, −34.9, −43.1a

isolated structure 37.4, 30.5, 44.8
−40.7, −32.2, −42.6

adsorbed structure 39.7, 29.7, 46.0
−36.4, −32.9, −44.2a

aValues referred to the [Mn3] unit closer to the surface.
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Hamiltonian based on the experimental and computed Mn−
Mn distances has been adopted for the isolated and grafted
systems

= + + + + +

+

J S S S S J S S S S J S S S S

J S S

SH ( ) ( ) ( )

( )
1 1 3 4 6 2 2 3 5 6 3 4 5 1 2

4 1 4 (1)

where the labeling of the paramagnetic centers used is reported
in Scheme 1.

The computed J’s are J1 = 10.2 cm−1, J2 = 1.6 cm−1, J3 = 3.3
cm−1, and J4 = −2.9 cm−1. In agreement with the available
experimental findings12 (see also Supporting Information), the
computed set of J’s leads to an S = 4 ground state. A fair
agreement is also found with the set of values computed with
hybrid functionals reported earlier.27,28 Antiferromagnetic

interactions within the Mn3 units and ferromagnetic between
the Mn3 units have been reproduced. Moreover, our study
confirms the antiferromagnetic coupling for α < 30° (see Table
1 and refs 27 and 28).
Passing to the grafted scenario we have obtained J1 = −25.5

cm−1, J2 = 12.9 cm−1, J3 = −5.7 cm−1, J4 = −22.3 cm−1.
Although the ground state S value was not experimentally
determined, it was noted that the magnetic properties are likely
to be conserved in Au(111).12,13 Our calculations prove this
hypothesis as computed Js on an energy minimized structure
yield again an S = 4 ground state. Despite the reproduction of
the ground state S value, the magnitude and sign of individual
exchange are drastically different from those computed for the
isolated {Mn6} cluster. Such a result reveals that the gold
surface is noninnocent and induces significantly structural
modifications. (see Figure S2a, Supporting Information) This is
similar to our findings on nitronyl−nitroxides adsorbed on a
gold surface.15

For complex 2, (see Scheme 1), we have used the following
SH:

= + + + + +

+ + +

J S S S S S S J S S S S S S

J S S S S J S S

SH ( ) ( )

( ) ( )
1 1 2 2 3 1 3 2 4 6 4 5 5 6

3 3 4 1 6 4 1 4 (2)

which reproduces the spin symmetry more properly than the
single J SH reported in ref 26. This is also supported by energy
degeneracies found for different determinants. The results,
using the Scheme 1 labeling, are the following: J1 = −37.2 cm−1,
J2 = −45.6 cm−1, J3 = −18.81 cm−1, and J4 = −15.5 cm−1.
Passing to the grafted scenario, we obtained the following
results: J1 = −37.9 cm−1, J2 = −56.4 cm−1, J3 = −36.8 cm−1, and
J4 = −21.8 cm−1. In agreement with the experimental results,
we found a S = 12 ground state for both isolated and grafted
systems. Moreover, ferromagnetic coupling is obtained for α >
30°, as predicted (see Table 1 and refs 26−28). Differently
from what observed for 1, where J values changed significantly,
for 2 we have confirmed the signs for all J’s with an increase of
magnitude for all of them but J1. The larger and more effective
differences found for 1 can be justified in terms of different
coordination environments. The coordination environment for
1 seems to be less rigid than in 2 and therefore more prone to
geometrical rearrangements once grafted on Au(111) surface,
as evidenced in Figure S2, Supporting Information. In order to
verify if and how the adsorption process could influence the
SMM behavior, we have also checked structural and spin
parameters. One of them is the average apical-in-plane distance
ratio, crucial for the anisotropy parameter of Jahn−Teller
distorted Mn(III). Experimentally, values of 1.18 and 1.17 have
been reported for 1 and 2, respectively. Values of 1.207 and
1.176 for the isolated and 1.189 and 1.172 for the adsorbed
species have been computed for 1 and 2, respectively (see
Table 2).
The error on the isolated species is less than 3%. These

numbers evidence a trend toward a more isotropic environment
for Mn(III) passing from the isolated to the grafted scenario for
both species. In particular, for 1 the decrease is associated to
five of the six Mn ions, with the sixth left unchanged. The
largest decrease has been observed for the Mn3 unit closer to
the gold surface. For 2, instead, the situation is the result of an
averaging of opposite distortions between the two Mn3 units.
Actually, the Mn3 unit interfaced to the gold surface
experiences a ratio decrease from 1.177 to 1.162 while the

Figure 2. Two {Mn6}, 1 (a) and 2 (b), structures grafted on
Au(111).14 Notice the depression induced by the cluster on the gold
surface found in (a).

Scheme 1. Numbering Scheme Used for Mn Atoms both for
Compound 1 and 2.14
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top Mn3 unit experiences a smaller ratio increase from 1.175 to
1.181.
Associated to the reduction of the anisotropy in the Mn(III)

ion ligand field, we have also computed an overall decrease of
the magnetic moments on Mn(III) passing from the isolated to
the grafted scenario. For 2, we have computed the largest
decrease (1.4%) while for 1 a decrease of 0.7% is calculated.
Such results, even if small in their magnitudes, support the
proposed rationalization of XAS and XMCD spectra reported
in ref 13. At the geometrical level it is also important to note
that the clusters are calculated to be grafted to the surface with
the easy axis of the magnetization tilted by an angle of 30° and
15° respect to the normal to the surface for 1 and 2,
respectively. On the basis of such results, we have computed a
height of 14.0 and 14.6 Å for cluster 1 and 2 to be compared
with an estimate obtained from the crystal structure (16.0 Å)
for a standing configuration. This reduction well compares with
the value of 11.0 ± 2.0 Å found by the experimental STM line
profile for both clusters.12

■ CONCLUSIONS
In conclusion, we have shown that the chosen DF methodology
offers reliable spin state structures for SMM grafted on the
Au(111). Our results confirm the structural and magnetic
robustness of {Mn6} clusters previously evidenced by
synchrotron-based investigations. The computational approach
presented here seems therefore to represent a precious tool to
pick out molecular structures that are more likely to retain their
SMM character once are grafted to a conducting substrate, thus
allowing to focus experiments on the most promising systems.
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Additional information on computation of J values using a
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