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Industrial data storage application based on single-molecular magnets (SMMs) necessitates not only strong magnetic remanence at high temperatures but 
also requires the implementation of the SMM into a solid material to increase their durability and addressability. While the understanding of the relationship 
between the local structure of the metal and the resulting magnetic behaviour is well understood in molecular systems, it remains challenging to establish 
a similar understanding for magnetic materials, especially for isolated lanthanide sites on surfaces. For instance, dispersed Dy(III) ions on silica prepared via 
surface organometallic chemistry exhibit slow magnetic relaxation at low temperatures, but the origin of these properties remains unclear. In this work, we 
modelled ten neutral complexes with coordination numbers (CN) between three and six ([Dy(OSiF3)3(O(SiF3)2)CN-3]) representing possible surface sites for 
dispersed Dy(III) ions and investigated their SMM potential via ab initio CASSCF/RASSI-SO calculations. Detailed analysis of the data shows the strong 
influence of the spatial position of the anionic ligands while the neutral ligands only play a minor role for the magnetic properties. In particular, a T-shape 
like orientation of the anionic ligands is predicted to exhibit good SMM properties making it a promising targeted coordination environment for molecular 
and surface-based SMMs. 
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Introduction 

The interest in single-molecule magnets (SMMs) has steadily increased in 
recent years, driven by their potential applications in high-density storage 
media, quantum computing (qbits), and spintronics.[1-4] These molecular 
entities possess a remarkable feature known as magnetic remanence of 
purely molecular origin, which arises from their slow magnetic relaxation in 
the absence of a magnetic field. Lanthanides, especially Dy(III) ions, have 
been recognized as the most promising candidates for SMMs, due to their 
high intrinsic magnetic moment in combination with a strong magnetic 
anisotropy resulting from the ligand-driven crystal field (CF).[5-7] The main 
challenge in the development of lanthanide-based SMMs lies in tailoring 
their coordination environment (which is influenced by the special 
orientation of the ligands,[7] coordination number[8, 9] and potential counter 
ions[10]) to stabilize a ground state with high spin-orbit coupling (high mJ 
value). In this context, Rinehart and Long[7] published a landmark paper 
providing an easy design guideline for the coordination environment 
needed around every Ln(III) ion to stabilise their highest mJ level as a ground 
state. This design concept is based on the strong angular dependence of the 
4f orbitals, resulting in distinct electron density distribution for every 
lanthanide, e.g. the mJ=15/2 state of Dy(III) is oblate while it is prolate for 
Er(III). The stabilisation of these states is achieved by minimising the 
repulsion between 4f and the ligand electrons, leading to a preferential axial 
coordination for Dy(III) and equatorial for Er(III) compounds. This design 
principle has been successfully demonstrated in numerous high-performing 
SMMs in recent years.[11-18] Synthesizing compounds with a pure axial field 
(bond angle close to 180 °) which would be beneficial for Dy(III) SMMs has 
proven to be challenging from an experimental standpoint. Consequently, 
alternative coordination geometries have garnered attention and extensive 
investigations. These geometries often involve a combination of strong, 
nearly axial ligands with short metal-ligand distances, alongside multiple 
weaker equatorial ligands characterized by longer bond lengths as for 
example in pentagonal bipyramidal[19-22] or octahedral[19, 23] structures. 
Although pure axial coordination remains elusive, these alternative 
geometries offer possibilities to fine-tune the magnetic properties of the 
compounds and thus, investigating and understanding these non-ideal 
coordination geometries gives a general understanding of magnetic 
properties and structure-property relationships. 
However, the utilization of SMMs in commercial applications would require 
converting these molecular entities into supported systems to enhance 
individual addressability and stability of the magnetic centres.[24, 25]  

 

Figure 1. Schematic representation of the SOMC and TMP approaches for 
([Dy(OSi(OtBu)3)3(κ2-HOSi(OtBu)3]) on partially dehydroxylated amorphous silica. The 
colours indicate no (red), poor (orange) and good (green) SMM properties. 

Most surface immobilisation methodologies primarily focus on preserving 
the magnetic properties of the precursor upon surface dispersion[26-37] as 
even slight alterations of the coordination geometry can diminish or even 
quench the magnetic performance.[38] An alternative approach was shown 
by Allouche et al. in 2017,[39] where dispersing Dy(III) ions at the surface of 
silica using a combination of surface organometallic chemistry (SOMC)[40-43] 

and thermolytic precursors (TMP) was shown to induce SMM properties. 
SOMC considers the surface functionalities, such as OH groups on oxide 
supports, as both anchoring sites and potential ligands for the metal sites. 
During grafting, one anionic ligand of the precursor is typically protonated 
by a surface OH group and replaced by the resulting surface siloxy group. 
The remaining organic ligands of the TMP can be removed in a subsequent 
temperature treatment leading to a completely inorganic material, free of 
stabilizing organic ligands. Even though this approach is mainly used in the 
context of catalysis, Allouche and co-worker showed that 
([Dy(OSi(OtBu)3)3(κ2-HOSi(OtBu)3]) not only is a suitable precursor for this 
methodology (see Fig. 1) but also provides a material with SMM properties, 
albeit displaying a distribution of magnetic relaxation times. Notably, the 
precursor does not exhibit any slow magnetic relaxation. Experimental 
investigation of the surface species of the thermolysed material via X-ray 
absorption spectroscopy and solid-state NMR of the Y-analogue revealed a 
wide distribution of metal sites on the amorphous support with 
coordination numbers (CN) of metal ions ranging from three up to five 
surface ligands explaining the observed relaxation time distribution caused 
by the substantial rearrangements processes of the support initiated by the 
thermolysis step. So far, the origin of the magnetic properties in the 
material remains unclear due to the unknown structure of the magnetic 
surface sites, thus prohibiting the establishment of a structure-property 
relationship for this material. Similarly, it was shown, that using the same 
SOMC and TMP approach yields comparable surface chemistry and 
materials for other rare earth metals like Yb(III) or Eu(III). Namely, these 
surface dispersed metal ions bound to an antenna ligand display a wide 
distribution of luminescence properties, paralleling the findings for the 
magnetic Dy(III) containing material[44] and suggesting a distribution of 
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surface sites. Furthermore, the corresponding Cr(III) system, which is used 
as a model system for the Phillips polymerisation catalysts, also shows a 
distribution of sites as evidenced by the broad polyethlene molecular 
weight distribution.[45, 46] These additional examples highlight that the 
analysis of surface species is not only interesting in the field of SMMs but 
also could open a gateway towards understanding other properties. 
Determination of the magnetically active surface sites and understanding 
their SMM properties pose significant challenges due to the high sensitivity 
of the magnetic properties towards subtle changes in the ligand 
environment and the lack of techniques for the determination of the 
coordination sphere around single metal centres on surfaces. Therefore, 
theoretical investigations have gained increasing interest in the past 
decade due to their predictive power and the possibility of elucidating 
magnetic properties. In the context of this work, mainly four key 
parameters will be discussed to evaluate the magnetic properties. The 
energy barrier U, describes the thermal energy necessary for total 
relaxation of the magnetisation of a system, plays a crucial role for the slow 
magnetic relaxation. U is influenced by the relaxation probability between 
the two ground state Kramers doublets (KDs) and the energy splitting of 
the KDs, where especially the energy difference between the ground and 
first excited state (ΔE1,2) should be considered. As SMM properties require 
a degenerated ground state with a high magnetic anisotropy, not only 
should the highest mJ level be stabilised as ground state and not mix with 
other levels but also an Ising type magnetic anisotropy (gx≈gy≈0, gz≈20 for 
Dy(III)) should be achieved. Calculations not only provide insights into the 
magnetic behaviour of molecular systems, but can also be extended to 
enable the exploration of different surface species assembled in silico, 
offering a way to assess a structure-property relationship for supported 
compounds[36, 37, 47-52] and therefore present a viable way to evaluate what 
surface coordination environment enable magnetic properties in materials 
as prepared by Allouche and co-workers.[39] 

Here, we carry out an ab initio investigation on a series of neutral Dy(III) 
models of single atoms dispersed on silica with representative coordination 
geometries of possible surface sites. We show that the magnetic properties 
primarily arise from specific relative spatial orientation of the anionic 
ligands, namely it is best to have two of the three anionic ligands in a trans 
position (bond angle L-Dy-L close to 180 °) as it results in a highly 
anisotropic ground state with good SMM properties. In contrast, the 
positions of the neutral ligands only play a minor role for the SMM 
behaviour of the models,[53] but the increasing number of neutral ligands 
bound to the metal centre lead to weaker magnetic performances. 
 

Computational details 
The model structures of the Y analogues were assembled in silico using the 
Chemcraft software. [54] Geometry optimization calculations of the Y 
analogue were performed with the Gaussian 09 (revision d1) program 
suite[55] employing the B3LYP functional[56] in combination with the 6-31g(d) 

[57] and lanl2dz[58] basis sets for main group elements and Y, respectively. 
Further the lanl2dz pseudopotential was applied for Y. The initial 
coordination geometry was chosen to match the respective coordination 
polyhedron and was optimised freely. In cases where the coordination 
diverged strongly form the initial orientation upon free optimisation, in 
subsequent optimisation steps dihedral angles were restricted to ensure 
the targeted geometry with optimised bond distances (see Fig. 2). For all 
structures frequency analysis were performed to ensure the instigated 
structure represents a minimum on the potential energy surface. 
The calculation of the 89Y chemical shift were performed with the ADF 2014 
code[59] using the B3LYP functional[56] including third-generation Grimme's 
dispersion corrections[60]and Becke–Johnson damping (B3LYP-D3) in

Figure 2. DFT optimised structures for all Y(III) compounds. Colour code: 
dark green for Y, red for O, brown for Si and light green for F. 
 
combination with a TZP basis set[61] with the all-electron relativistic zeroth-
order regular approximation (ZORA)[62-64] in its spin–orbit two-component 
form. The chemical shift of 89Y derived from the computed shielding is 
referenced through the previously reported calibration curve of the same 
method δcalc=-0.727 σcalc+2114.1. [65] 
The determination of the magnetic properties involved first replacing Y(III) 
by Dy(III) without further optimisation of the geometry, followed by the 
calculation of the electronic structure and magnetic properties using the 
State-Averaged Complete Active Space Self-Consistent Field approach 
with Restricted Active Space State Interaction method (SA-
CASSCF/RASSI-SO) implemented in the OpenMolcas 19.11 version.[66] The 
performed multi-configurational approach treated relativistic effects in two 
steps using the Douglas-Kroll Hamiltonian. In the basis set generation 
scalar terms are included and are further used in the determination of the 
CASSCF wave functions and energies.[67] The calculated CASSCF wave 
functions are mixed within the RASSI-SO method to account for spin-orbit 
coupling.[68, 69] The active space was selected to encompass the seven 4f 
orbitals occupied by nine 4f electrons for Dy(III). Within this defined active 
space, state-averaged CASSCF calculations were performed for all 21 
sextets, all 224 quartets and 250 doublets. The resulting excited states were 
mixed using the RASSI-SO module. The atomic natural (ANO_RCC) basis 
set was used in the ANO-RCC-VTZP expansion for all atoms.[70, 71] To speed 
up the calculation and save disc space the Cholesky decomposition of the 
bielectronic integrals was employed.[72] In the final step, the magnetic 
properties, the g-tensors of the ground state multiplet and the transition 
probabilities were computed using the SINGLE_ANISO routine.[73] 

Visualization of the blocking barrier and the electrostatic potential around 
the Dy(III) for each model was accomplished using CAMMEL.[74] The 
CAMMEL code is available under GNU General Public License v3.0 and can 
be downloaded at https://github.com/rmarchal1/CAMMEL. 
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Figure 3. Radar charts for the compounds 1 to 10 including selected features related to their magnetic properties such as ΔE1,2 (top), the energy barrier ΔE1,8 
(right), the anisotropy of the g-tensor indicated by the gz value (bottom) and the wave function contribution of the mJ=15/2 state in the lowest KD indicating 
the mixing of the ground state (left) for a) group 1, b) group 2 and c) group 3. The anionic ligands (X–) and the metal centre (Dy) are represented in colour to 
indicate good (green), poor (orange) and no (red) SMM properties; neutral ligands are indicated in black. 

Results and Discussion 
For a Dy(III) ion immobilised in a silica surface, one can expect various 
spatial orientations of anionic ligands and additional coordination of neutral 
ligands leading to a wide variety of possible surface sites. In this study we 
focus on ten model compounds with representative coordination 
environment and varying coordination numbers (CN, see Fig. 2). Even 
though lanthanides can exhibit a larger coordination sphere,[75]  higher 
coordination numbers are increasingly unlikely on surfaces and have thus 
not been investigated. We modelled the structures representing neutral 
surface species in different coordination environments as follows: the three 
anionic (OSiF3)– ligands were used to represent surface siloxides 
counteracting the positive charge of the dysprosium ion and for higher 
coordination, additional neutral ligands – O(SiF3)2 – were used to simulate 

coordination of siloxide bridges; all models can be described with the 
following general formula: [Dy(OSiF3)3(O(SiF3)2)CN-3]. As seen in Fig. 2 the 
investigated surface models display coordination close to trigonal planar (1), 
trigonal pyramidal (2), T-shape (3), square planar (4), tetrahedral (5), 
trigonal bipyramidal (6), square pyramidal with all anionic ligands in basal 
positions (7) or one of the anionic ligands in apical position (8) as well as 
octahedral coordination with the anionic ligands in facial (9) and meridional 
positions (10). 
The geometries of all structures were optimised for the Y(III) analogue and 
a frequency analysis was performed to guarantee the extracted structure is 
a minimum on the potential energy surface. The average of the optimised 
bond distances (see Table S1) between the metal centre and the anionic 
ligands per model are between 2.06 and 2.14 Å while the average for the 
neutral ligands was found to be between 2.14 and 2.22 Å. The latter 
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distance is strongly elongated in compounds 6 and 10 averaging at 2.52 and 
2.69 Å, respectively. Thorough analysis of the Y–O bond distances for the 
anionic and neutral ligands do not show any trend towards coordination 
number or coordination geometry. 
The 89Y NMR chemical shift parameter of the Y compounds were calculated 
based on the geometry optimised models and the resulting shielding tensor 
referenced to experimentally measured compounds to benchmark the 
calculations and extract the chemical shift in ppm as shown by some of 
us.[65] All 89Y chemical shifts are in the range of 73 and 198 ppm (see Table 
S.2) which is in line for the experimentally measured signal for dispersed 
Y(III) ion on silica via the SOMC+TMP approach[44] verifying the importance 
of the model structures and the presented approach. 
Next, the Y(III) ion was first substituted by Dy(III) in the optimised structures 
and CASSCF/RASSI-SO/SINGLE_ANISO calculations were performed to 
estimate magnetic anisotropy parameters together with the relaxation 
mechanism. This method is an established and reliable tool for the 
prediction of the energies, the wave function and the g-tensor for all low 
lying Kramer doublets for 4f complexes.[76]  For all ten compounds the eight 
low lying KDs corresponding to the 6H15/2 state were calculated and a 
qualitative picture of the relaxation pathways constructed. The computed 
results (see SI) allow the analysis of the compounds in terms of predicted 
magnetic behaviour which leads to the classification of three categories: 
1.) The compounds of the first category (3, 4, 7, 8 and 10) with the most 
promising magnetic properties – slow magnetic relaxation due to a high 
calculated ΔE1,2 in combination with almost pure mJ=15/2 ground states, 
exhibiting strong axial anisotropy and low relaxation probabilities between 
low-lying KDs – possess two anionic ligands arranged with a bond angle 
close to 180 °. Compound 3 is the simplest of the mentioned examples 
exhibiting a perfect T-shape orientation of the ligands without additional 
coordination. As shown in Fig. 3 and Table S5 the CF exhibited by the 
dysprosium ion is strongly axial with pure Ising type anisotropy (gz=19.9) 
and a pure mJ=15/2wave function for the GS KD. Even the first and second 
excited states show strong axial character with pure WF contributions of 
13/2 and 11/2, respectively while the fourth KD shows a strong equatorial CF. 
An additional positive factor are the high energy differences between the 
first four Kramers doublets in combination with a negligible relaxation 
probability between the lowest three states. Therefore, the most likely 
relaxation pathway is going through the fourth state resulting in a high 
energy barrier U and consequently leads to slow magnetic relaxation (see 
Fig. S5). Due to geometric restrictions for all other models in this group, the 
anionic ligands and the Dy(III) ion form a T-shape coordination which 
dominates the coordination environment with only little influence of the 
position of the neutral ligands. In the case of the square planar coordination 
(4), the addition of a neutral ligand results in similar ground state values in 
terms of anisotropy and WF composition as for compound 3 (see Fig. 1.3, 
Table S6). Differences occur in the excited states where a higher mixing of 
the wave function in combination with a more equatorial crystal field and a 
slightly reduced ΔE1,2 can be observed. This leads to a higher probability of 
relaxation through the first excited state strongly reducing U compared to 
3 (see Fig. S7). Further increasing the number of neutral ligand leads to a 
decrease of ΔE1,2 as seen for 7 and 10 were the latter one shows the lowest 
overall energy splitting for the eight low-lying KDs corresponding to the 
6H15/2 state with 1345 cm-1. Interestingly, even though the energy splitting 
and ΔE1,2 in the meridional octahedral structures are smaller than for 4, the 
first excited state is characterised by a strong axial coordination, only minor 
mixing of the wave function and low transition probabilities (see Fig. 3, 
Table S12 and Fig. S19 and S20). This should lead to a relaxation via the 
third excited state in 10 and consequently lead to a higher U compared to 4. 
Not only the number of ligands and their orientation in the complex but also 
the relative position to each other has an influence on the overall magnetic 
performance as seen by comparing the square pyramidal models 7 and 8. In 
7 all three anionic ligands are located in basal positions while for 8 one 
anionic ligand occupies the apical position with the other two in basal 
positions trans to each other. In both cases the remaining two coordination 
sites are occupied by neutral ligands. The characteristic structural T-shape 

form is present in both cases while for 8 the apical ligand is slightly bend 
leading to Lbasal–Dy–Lapical angle of 97.7 ° and 87.3 ° reducing the 
coordination strength in the equatorial position and consequently, a higher 
energy splitting between the KDs can be observed. Additionally, 8 shows 
relatively pure states up to the second excited state with strong axiality and 
low probability of relaxation up to the fourth KD. 
2.) The second group comprises compounds 2, 6 and 9 with predicted 
weak magnetic properties due to a trigonal coordination of the three 
anionic ligands. Such configuration leads to the stabilisation of mJ=15/2 as 
main component of the ground state with a fairly axial crystal field (gz ∼ 19); 
the resulting strong mixing of the states in the ground and especially the 
excited energy levels for all three models (see Fig. 3, Tables S3, S7 and S10) 
lead however to an overall small energy barrier (U) between lowest KDs and 
to non-negligible relaxation contribution for QTM and Raman/Orbach 
processes especially in the ground and first excited states (see Fig. S3, S11 
and S17). Therefore, only weak SMM properties are to be expected for these 
compounds due to fast relaxation via low-lying mJ level. In detail, the 
divergence from the trigonal planar coordination (like in 1) to a more 
pyramidal orientation in compound 2 leads to the stabilisation of mJ=15/2 
as ground state and a higher ΔE1,2 due to the strong influence of two anionic 
ligands (see Fig. S4) representing a better geometry for SMM properties. In 
the case of the facial octahedron, the coordination of 9 has strong 
similarities to compound 2 with smaller bond angles between the anionic 
ligands and three additional neutral ligands The reduced bond angles 
influence the electronic structure towards higher purity of states and 
slightly higher ΔE1,2 compared to 2. As for 6, the influence of the two neutral 
ligands in the apical position is negligible (see Fig. S12) while the almost 
trigonal planar orientation of the anionic ligands shows bond angles 
between 113 and 124 ° leading to a more axial field than for compound 1. 
This deviation from the perfect trigonal planar orientation of the anionic 
ligands results in the found change of ground state compared to 1. 
3.) The third group consists of all compounds in a strong equatorial 
crystal field which are expected to display no magnetic properties with the 
stabilisation of the lowest mJ state (1/2) of Dy(III). Compounds 1 and 5 are 
both assigned to this category based on the stabilised ground and excited 
states wave function contributions. Furthermore, the low ΔE1,2 and non-
axial nature of the lower states expressed by the transverse anisotropy of 
the g-tensor (see Fig. 3, Tables S3 and S7) indicate a lack of SMM properties 
for these structures even at low temperatures. 1 resembles a trigonal planar 
coordination environment which according to the Rinehart and Long model 
should be a suitable coordination for a prolate ion like Er(III) while for oblate 
ions as such Dy(III) poor magnetic behaviour are predicted and 
corroborated by the calculations. The tetrahedral coordination of 5 is 
dominated by the influence of the anionic ligands (as seen in the 
electrostatic potential, see Fig. 10) also leading to a strong equatorial CF 
and hence no SMM behaviour. 

Conclusions 
In the search for understanding what makes a magnetically active surface 
deposited Dy(III) ions on silica, we have performed a computational study 
on ten representative model structures having various coordination 
geometries using a combination of DFT optimisation and ab initio 
CASSCF/RASSI-SO/SINGLE_ANISO calculations for the determination of 
magnetic properties, anisotropy and energy barrier height of 
magnetisation reversal. The model structures were characterised based on 
their calculated magnetic properties and enable to classify them into three 
main groups:  
1) The striking feature of the first group is the almost linear ω between two 
anionic ligands and the metal centre resulting in a T-shape structure for all 
models. This spatial orientation of the ligands leads to a strong axial crystal 
field in the ground and partly also in the first excited states accompanied 
with low relaxation probabilities. Even though, increasing number of 
ligands slightly diminish the magnetic performance, the magnetic active 
species generated by the SOMC and TMP approach most likely has a similar 
coordination sphere as the models present  in this group. 
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2) The trigonal orientation of the anionic ligands in the second group 
results in the stabilisation of the highest mJ ground state necessary for SMM 
properties. This significant change results mainly from the divergence from 
a planar to a more pyramidal coordination of the anionic ligands paired with 
short distances to one or two of the negatively charged ligands. However, 
the low ΔE1,2 in combination with strong mixing and non-negligible 
relaxation probabilities in the lowest KDs most likely leads to a weak 
magnetic behaviour resulting in limiting these structures to either low 
temperatures or field induced SMMs. 
3) The third group is characterised by the equatorial crystal field 
experienced by the Dy(III) resulting in the stabilisation of the lowest mJ level 
and consequently poor to no SMM properties as expected based on the 
design guideline from Rinehart and Long.  
We want to emphasise that the presented approach only contains model 
compounds which were chosen to be close to the respective polyhedron to 
model different surface coordination. On the surface and especially after 
the temperature treatment (as performed in [39]) a distribution of surface 
sites is present in the material which cannot be fully represented by only 
these ten model compounds. Notably, investigations of the coordination 
environment around a Cr(III) ion dispersed on silica, that expected active 
sites in the Phillips olefin polymerisation catalysts, had also revealed that T-
shape structures are also privilege structures that are expected to be highly 
reactive in olefin polymerization due to the presence of strain,[77, 78] 
paralleling the expected beneficial effect with similar geometries for the 
magnetic properties of Dy(III) species dispersed on silica.[36] The similarities 
between these systems further ascertain that T-shape geometries are likely 
present on silica surface and provides unique ligand field and functions. 
Thus, the presented approach not only helped to identify possible magnetic 
surface structures but also revealed clear structure-property relations for 
the surface sites. Furthermore, a so far overlooked geometry of SMMs, the 
T-shape structure, was identified and further investigations towards 
isolating this coordination, also on the molecular level, might proof an 
effective way toward high performing SMMs. 

Supporting Information  
Supporting information for this article contains calculated data for the bond 
length, NMR chemical shifts and magnetic properties for compounds 1-10. 
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