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Abstract. Ab initio CASSCF+RASSI-SO investigations on a series of lanthanide complexes [Ln! = Dy(1),
Tb(2), Ce(3), Nd(4), Pr(5) and Sm(6)] have been undertaken and in selected cases (for 1, 2, 3 and 4) coordina-
tion number (C.N.) around the Ln'" ion has been gradually varied to ascertain the effect of C.N. on the magnetic
anisotropy. Our calculations reveal that complex 3 possesses the highest barrier height for reorientation of mag-
netisation (Us) and predict that 3 is likely to exhibit Single Molecule Magnet (SMM) behaviour. Complex 5
on the other hand is predicted to preclude any SMM behaviour as there is no intrinsic barrier for reorientation
of magnetization. Ground state anisotropy of all the complexes show mixed behaviour ranging from pure Ising
type to fully rhombic behaviour. Coordination number around the lanthanide ion is found to alter the magnetic
behaviour of all the lanthanide complexes studied and this is contrary to the general belief that the lanthanide
ions are inert and exert small ligand field interaction. High symmetric low-coordinate Ln™ complexes are found
to yield large U.s values and thus should be the natural targets for achieving very large blocking temperatures.
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1. Introduction

Since past two decades, Single Molecule Magnets
(SMMs) have received appreciable attention owing to
their potential applications for the use of high-density
magnetic memories, magnetic refrigeration, molecular
spintronics and quantum computing devices.'® These
potential applications are due to their slow relaxation
of magnetization and enhanced effective barrier heights
(Uegr) for reorientation of magnetization (to date the
highest U reported is 652 cm™').” These behaviours
can be observed when the molecule has large ground
spin state with a uniaxial magnetic anisotropy, namely
negative zero-field splitting (ZFS) parameter.®-” Besides
a large ground state, to increase the SMMs energy bar-
rier and blocking temperatures, it is important to per-
ceive a way to control the magnetic anisotropy.® Of
particular interest in recent years in research area of
SMMs’ is exploration of systems containing only one
spin carrier within a molecule and if such molecules
exhibit magnetization blockade, these are called as Single
Ion Magnets (SIMs).!%"3 Large unquenched orbital
angular momentum, significant intrinsic spin-orbit cou-
pling and presence of large number of unpaired elec-
trons make the lanthanides suitable candidates for

*For correspondence

attaining large spin-reversal barriers. Besides this, area
lanthanide(III) complexes also have important applica-
tions in diagnostic and therapeutic radiopharmaceuti-
cals'* and as luminescent probe to investigate biomedical
systems. '3

In SIMs, magnetic properties are directly connected
with the crystal field created by the surrounding ligands.
This emphasizes the importance of crystal field environ-
ment in the design of novel SIMs.'*"!° In SIMs coordi-
nation environment, number, local point group symmetry
and ligand field strength together need to be manipu-
lated to obtain large energy barrier. Magnetic anisotropy
in these SIMs arise due to interaction between single
metal ion and the ligand field, resulting in preferential
orientation of the magnetic moment.”° This eventually
generates a strong influence of coordination geometries
on SIM properties. Thus, magnetic properties are affec-
ted not only by structural and electronic features of
the molecule, but also by their surroundings resulting
in the spin dynamics method in SIMs to be complex and
poorly understood problem.?! Indeed, these processes
can have significant influence on the field dependence
of the relaxation time?? as well as field-induced multiple
relaxation processes.”* Moreover, Lanthanide contain-
ing SIMs are attractive for testing synthetic design prin-
ciples for slow paramagnetic relaxation because their
properties can be tuned at will. In general, in a given
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crystal field, the ground magnetic state of the complex
(characterized by the total angular momentum J), splits
into =M sub-levels. In some instances, this leads to a
J-splitting in which the levels with higher M; values are
stabilized with respect to the levels with lower M val-
ues. This leads to the appearance of a barrier between
the M, levels explaining superparamagnetic blocking in
the SIMs.

Despite enormous synthetic effort expended in mak-
ing novel examples of lanthanide-based SIMs, clear
understanding of the origin of the slow relaxation of
the magnetisation and the mechanisms of the Quantum
Tunnelling of the Magnetisation (QTM) still remains
scarce. Understanding the factors determining the for-
mation of efficient barriers of blocking of magneti-
zation in SIMs is of primary importance for the fast
advance of this new research area.”*>?° Slow relax-
ation of magnetization in SIMs can be achieved by
effective involvement of anisotropy at the metal sites.
Extensive studies?’ on these SIMs based on lanthanides
prove their importance due to their large spin-orbit cou-
pling compared to the crystal-field splitting of the mag-
netic 4f-shell.?® All these studies have concluded the
crucial participation of excited states of the lanthanide
ions in the relaxation process of both mononuclear and
polynuclear complexes.'6-19:29-34

The anisotropy axis on the metal ions can be easily
determined if the metal centres possess some symme-
try elements. Using the angular overlap model,* zero-
field splitting and the direction of anisotropy axis can be
estimated. However such qualitative ligand-field theo-
ries are extremely complex?® for lanthanides complexes
rendering less accurate predictions. Although numer-
ous experimental tools such as Inelastic Neutron scat-
tering (INS),** multifrequency high-field EPR,**:40
field and orientation dependent magnetic susceptibility
have been used to investigate the magnetic anisotropy,
none of them suffice to resolve the directions of local
anisotropy axes accurately.

The only straightforward way to attain quantitative
information about magnetic networks is via fragment
quantum chemistry calculations taking spin-orbit cou-
pling into account non-perturbatively. Particularly, the
direction of the local anisotropy axis on a metal site is
easily gained as the main magnetic axis of the g tensors
of the corresponding Kramers doublet. The single-ion
properties of the 4f metal ions are difficult to depict due
to the shielded nature of the 4f orbitals, resulting in
weak exchange interactions. Recent advances in post
Hartree-Fock multi-configurational ab initio methodology
have made accurate quantum chemical calculations on
paramagnetic 4f compounds possible.*! The Complete
Active Space Self Consistent Field (CASSCF) method
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can accurately predict the magnetic properties of
lanthanide complexes,****} and calculations of this type
have become an indispensable tool for the explana-
tion of increasingly interesting magnetic phenomena.**
Although CASSCF ab initio calculations are extre-
mely versatile and implicitly include all the effects
required to elucidate the magnetic properties, the
results offer little in the way of chemically intuitive
explanations and attainment of reliable results often
requires considerable intervention by expert theorists
equipped with access to powerful computational
resources.

Although higher coordination number around the
lanthanide ions are preferred, low coordination number
lanthanide complexes had been reported as early as in
1990’s,% despite no such detailed magnetic study on
these complexes. Recently, Tang and co-workers have
reported low-valent complexes showing slow magneti-
sation of relaxation.’® In the field of lanthanide based
SIMs, recently researchers have focussed on two direc-
tions: how to enhance the effective barrier height for
reorientation of magnetization and to explain the mech-
anism of versatile thermal relaxation taking place dur-
ing the reorientation. As crystal field parameter, coor-
dination number and ligation around the Ln™ ion play
crucial role in determining the direction of anisotropy,
we have decided to play with these parameters with the
hope of understanding the aforementioned key points
employing computational tools. Considering the recent
research trend on lanthanide based SIMs we intend
to offer explicit understanding of anisotropy and mag-
netic relaxation in varied coordination and metallic
environment. Hence, here we have performed detailed
ab initio calculations on monometallic Ln™ [Ln™ =
Dy(1), Tb(2), Ce(3), Nd(4), Pr(5) and Sm(6)] crys-
tal structures surrounded by nitrate ligands. Among
these, ions with odd number of electrons and half
integral angular momentum values (J) are known as
Kramers ions (Dy™, Ce™, Nd™ and Sm'') whereas
ions with even number of electrons and integral angu-
lar momentum values (J) are known as non-Kramers
ions (Tb™ and Pr'™). We have calculated effective bar-
rier height, direction of anisotropy for this series. In
selected cases, (for 1, 2, 3 and 4) we have grad-
ually varied the coordination number (C.N.) around
Ln™ ions from C.N. 12 to C.N. 2 with an aim to
observe the effect of coordination number on the mag-
netic properties of these lanthanide complexes. To keep
the same coordination environment across all models
structures, all the complexes are modelled with nitrate
ions, however synthesis of such complexes would
require monodentate ligands such as hydroxide or other
ligands.



Magnetic anisotropy in lanthanide based molecular magnets

2. Computational Methodology

MOLCAS 7.8% program package has been used to per-
form post-Hartree-Fock ab initio calculations. Using
multiconfigurational approach, relativistic effects were
treated in two steps, based on Douglas-Kroll Hamilto-
nian. For the generation of basis sets, scalar terms were
included which has been used to determine spin-free
wave functions and also energies through the use of the
complete active space self-consistent field (CASSCF)
method. So, spin-orbit free states were obtained by
employing the RASSCF method whereas spin-orbit
coupling has been taken into account using RASSI-SO
method® which uses CASSCF wave functions as the
basis sets and multiconfigurational wave functions as
input states. The resultant wave functions and energies
of the molecular multiplets were used for the calcula-
tion of the anisotropic magnetic properties and g tensors
of the lowest state using a specially designed routine
SINGLE-ANISO.” As a consequence, the magnetic
properties of a single magnetic ion are calculated by ab
initio approach in which the spin-orbit coupling is con-
sidered non-perturbatively. We have employed [ANO-
RCC...7s6p4d2f.] basis set for Ln™ {Ln™ = Dy, Tb,
Ce, Nd, Pr and Sm}, [ANO-RCC... 3s2p.] basis set for
N and [ANO-RCC... 2s.] basis set for H throughout our
calculations. These ANO-RCC-VDZ basis sets used for
all the atoms are taken from ANO-RCC basis library
included in MOLCAS 7.8 program package. The active
space for [Dy™(NOs)¢]*>~ (1), is 9 in 7 for the f con-
figuration of Dy"™ ion. Here we have employed the
CASSCEF calculations coupled with RASSI-SO proce-
dure to estimate the ground state anisotropy and other
parameters which controls the magnetic properties of
this complex. In the configurational Interaction (CI)
procedure, 21sextets, 140 quartets and 150 doublets are
considered. In the RASSI module, 21 sextets, 128 quar-
tets and 130 doublets are mixed by spin-orbit coupling.
The active space for [Tb™(NOs)¢]*~ [2] is 8 in 7 for
the f® configuration of the Tb™ ion. In the CI pro-
cedure, the septets are given 7 roots, the quintets are
given 140 roots and the triplets are given 195 roots.
The singlet states were not included due to computa-
tional limitations. In the RASSI module all the states
within the energy window of about 40,000 cm™~! (seven
septets, 105 quintets and 112 triplets) were allowed to
mix by spin-orbit coupling. Cholesky decomposition of
the two-electron integrals was performed to save disk
space. The active space for [Ce™(NO;)¢]*"[3] is 1 in
7 for the f' configuration of Ce™ ion. The CI proce-
dure includes 7 doublet and all of them are incorporated
in the RASSI module. Our next complex of interest is
[Nd™(NO3)4]°~[4] which has active space of 3 in 7 for
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3 electronic configuration of Nd™ ion. In the CI pro-
cedure 35 quartets and 112 doublets are considered. In
the RASSI module all the 35 quartets and 112 doublets
are mixed by spin-orbit coupling. Our next complex of
interest is [Pr''(NOs)¢]*~[5] which has active space of 2
in 7 for > electronic configuration of Pr', In the CI pro-
cedure, triplets are given 21 roots and singlets are given
28 roots. In the RASSI module all the 21 triplets and 28
singlets are mixed by spin-orbit coupling. Now, we will
focus on complex [Sm™(NO;)¢]*~ [6] which has active
space of 5 in 7 for f° electronic configuration of Sm™
ion. The RASSI and CI calculation for Sm™ is similar
to that for Dy™. Structural optimization have been com-
puted using DFT calculations employing Gaussian 09*°
suite. Here we have employed the B3LYP*~* func-
tional, along with the Cundari-Stevens double ¢ polar-
ization basis set” for the Ln™ ions and the Ahlrichs
triple ¢ basis set®® for the rest of the atoms.

3. Result and Discussion

Here we have chosen six structures 1-6 for our study.
All the complexes comprise twelve coordinate Dy™ !
TbHI,52 CCHI,53 NdHI,54 PrIIISS and SmIII in Sllghﬂy
distorted octahedron coordination environment sur-
rounded by six symmetrically equivalent NO; ligands
(figure 1). The reported X-ray structure is taken as-is
for calculations for all other structures except complex
6. For complex 6, the Ce'" analogue has been employed
to model the Sm™ structure.

Among the lanthanide family, Dy
putably led to the largest number of pure SIMs.
The explanation resides in the reduced QTM observed
in these systems compared to other lanthanide ions
owing to its large magnetic moment and odd elec-
tron configuration. Here we start our discussion with
individual lanthanide ions, and compare between lan-
thanide complexes later.

I jon has indis-

10,56-58

3.1 Studies on complex 1

The ground state Kramers Doublet (KD) is Ising in
nature (g, = 0.04, g,, = 0.06, g,, = 15.34) for 1. The
first excited state KD possesses a large amount of trans-
verse anisotropy and deviates largely with respect to the
ground state anisotropy direction.

The energy spectrum and g-tensors for the first two
Kramers doublets of the ground °H;s ,» multiplet of the
Dy™ ion in compound 1, are shown in table 1, with
excited multiplet °Hy;/, lying at 3650 cm™'. Effective
energy barrier for relaxation of magnetization (U or
AE) in 1 is found to be 27.93 cm™! (table 1) and this is



1572

Tulika Gupta And Gopalan Rajaraman

Figure 1.

Showing direction of ground state anisotropy axis along X, Y and Z directions in [Ln

I

(NO3)6]3~ {where Ln'" = a) Dy(1), b) Tb(2), ¢) Ce(3), d) Nd(4) and f) Sm(6)}. Exceptionally, for complex
5 anisotropy only along the Z direction (g,,) is shown for the fourth excited state, see text for details. (atomic

colour scheme: Dy™

N-blue).

in line with the experimental value reported for a similar
structure.

3.2 Variation of coordination number (C. N.) on Dy'!!

Pronounced dependence of magnetic anisotropy on the
nature of counter-ions, ligands around the lanthanide
ion, etc have been reported.”® ¢! These results suggest
that the magnetic behaviour of lanthanides depend on
the structural changes around the ion.*-®' Considering
all these points, we have decided to extend our study

-purple, Tb"-green, Ce™-aqua, Nd"-silver, Pr

11T I

-yellowish green, Sm™-yellow, O-red,

by varying the coordination number gradually from
12 to 2 around the lanthanide ion to observe the effect
of ligation on the magnetic properties in complex
1-4. All the structures possessing C. N. 11 to 2 are
optimised using Gaussian 09% software suite (see
section 2).

Analysing the changes of magnetic properties around
Dy™™ upon variation of C. N. (table 2 and figure 3b)
we found that, among all the C. N. models tested,
model with C. N. 11 shows the strongest transverse
anisotropy. As we decrease the C. N. around Dy, a

Table 1. Calculated energy spectrum, g tensors, relative energies and angles(0) of the principal anisotropy axes of first
excited states with respect to the ground state for ground and fist excited Kramers (for 1,3,4,6) and pseudo doublets (for 2 and
5) in 1-6.

Ground KDs /Non-KDs 1 2 3 4 5 6
Exx 0.04 0 0.08 0.58 0.11
Syy 0.06 0 0.53 1.73 - 0.47
o 15.34 14.42 3.70 3.66 - 1.06
Relative energy (cm™!) 0.0 0.0 and 4.33 0.0 0.0 0.0 0.0
1%t excited KDs /Non-KDs 1 2 3 4 5 6
Exx 8.60 0 0.01 0.51 0 0.88
Syy 8.56 0 0.94 0.70 0 0.59
fos 5.35 10.18 2.55 3.77 0 0.27
Relative energy (cm™!) 27.93 15.17 and 18.66 107.90 16.20 25.83 90.03
Angle {6} (°) 0.10 98.60 40.41 85.30 - 52.78
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Table 2.

III 5

Calculated energy spectrum, g tensors and angles (0) of the principal
anisotropy axes of ground KDs of low valent Dy

' model complexes (from 11 to 2

C.N. change around Dy"" ion) with respect to their respective first excited state KDs.

Coordination no.

around Dy in 1 Uesr (cm™h) 2x gy . Angle {8} (°)
12 27.93 0.04 0.06 15.34 0.10
11 49.02 1.88 5.04 14.18 63.90
10 19.67 0.24 2.06 16.17 49.55
9 41.43 0.06 0.27 17.32 103.75
8 120.17 0.02 0.05 19.63 80.08
7 28.76 2.78 3.89 12.38 33.21
6 11.68 1.0 1.60 17.82 72.79
5 52.56 0.72 2.83 17.24 61.45
4* 420.04 0.0 0.0 19.81 163.40
3* 471.15 0 0 19.84 168.25
2% 410.48 0 0 19.86 2.87

*indicates barrier computed with second excited KDs due to collinearity with the first

excited KDs.

gradual increase of Ising nature of anisotropy is attained
till C. N. 8 model (figure 2). Further reduction of C. N.
from 8 to 7 leads to an increase in thombic anisotropy
and for C. N. 6 and 35, a reduced rhombicity is observed
(figure 3). As we go further down from C. N. 5 to lower
Coordination Numbers, axial nature of the anisotropy
is observed (for C. N. 2, 3 and 4 models). The angle
between the direction of the excited state g,, and the
ground state g,, is represented by tilt angle 0. Larger
0 values suggest that the relaxation is predominantly
happening via that particular KDs while smaller val-
ues reveal that the anisotropy is collinear and relax-
ation of magnetisation is likely to proceed via higher
excited states leading to larger U values.®” This 0
angle is found to be large for all the tested models
except for models with C. N 2. Among all the C. N.
models tested, model with C. N. 3 is found to possess
highest U values and this finding is in accordance with
the recent synthesis of three coordinated Dy™ com-
plexes possessing large U value.®® This observation
highlights the importance of C. N. in fine tuning the
U, values in lanthanide molecular magnets (figure 4a).
Barring a few exceptions, we can conclude that C. N.
variation is inversely proportional to the magnitude of
U, values. We have also performed analysis on for-
mation energies of all these varied coordinated com-
plexes (figure 3a). We found that formation of model
with C. N. 11 is most unfavourable, possessing highest
positive formation energy (endothermic) with respect
to C. N. 12 while the formation of C. N. 10 complex
is most preferred (thermodynamically most stable com-
pared to C. N. 12). This is in accordance with
the experimental report where 10 co-ordination®®
Dy™ complexes are much more common than other

coordination numbers. On the same note, except model
with C. N. 8, formations of rest of the complexes
are endothermic in nature. This is only a qualitative
analysis on the stability of these models with respect to
C. N. 12 as this analysis ignores the kinetics of forma-
tion and the likely variation in the ligand structures.

3.3 Studies on complex 2

Ground and first excited pseudo-doublet in 2 are of
strong Ising nature with U value computed to be 15.17
cm~! (figure 4). Computed anisotropy for the first two
pseudo doublet of the’Fs multiplet of the Tb™ ion in
compound 2 is shown in table 1 with subsequent excited
multiplet 'Fs lying at 1990 ¢cm™'. The first excited
pseudo-doublet forms a larger angle with respect to the
ground state principal anisotropy directions. The tun-
nelling gap within the ground and first excited pseudo
doublets are 4.33 and 3.49 cm ™! respectively.

3.4 Variation of coordination number (C. N.) in Th'!!

Being inspired by the effect of C.N. on the magnetic
properties of the Dy™ models, we have performed a
thorough analysis of gradual C.N. change around Tb™
in 2. Independent of the C.N. all the ground state levels
in 2 is found to be strongly Ising in nature, con-
trary to the behaviour observed for Dy™. This unfolds
an interesting observation that the Tb™ ground state
anisotropy 1is unlikely to be influenced by the num-
ber of ligand atoms coordinated to the metal ions
(table 3).

Among all the C. N. examined (figure 5), complex
with C. N. 3 has been found to possess the largest U
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C.N. 11

Figure 2. Model structures where C. N. varied from 11 to 2 around Dy

g, direction for ground and first excited KD states.

values (270.52 cm™'). This can be supported by recent
trend and interest towards the synthesis of low valent
lanthanide complexes.®® The angle 0 is found to be large
for all the tested models. Here again, except a few cases,
C. N. variation is inversely proportional to the magni-
tude of U,g. Similar to complex 1, we found that the for-
mation of complex with C. N. 11 is most unfavourable
possessing highest positive formation energy (endother-
mic) and formation of C. N. 10 complex is most pre-
ferred. On the same note, except complexes with C.
N. 8 and 6, formations of rest of the complexes are
endothermic in nature. From figure 4b, we can inter-
pret that independent of C. N., in both 1 and 2 the
magnitude of the g,, is inversely proportional to the

C.N.10

KD2:g,,

S
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KD2:g,,
--~KD1:g,,--. -

1T

in 1 along with the computed

U, value indicating intimate relationship between axial
anisotropy and the relaxation energy barrier.

3.5 Studies on Complex 3

The energy spectrum and g-tensors for the Kramers
doublets of the ground *Fs;, multiplet of Ce™ ion in 3
is shown in table 1 with excited multiplet *F;, lying
at 2157 cm™! higher in energy. Both the ground and
first excited KD in 3 shows strongly rhombic nature of
the anisotropy with large deviation of the first excited
KD with respect to the ground state KD. Among the
series of lanthanides studied by us, complex 3 is found
to possess the highest U, value (107.90 cm™).
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Figure 4. Dependence of C.N. on the magnitude of the effective energy barrier for relaxation along with
ground state anisotropy direction along Z axis for (a) Dy and; (b) Tb™ ions.

3.6 Variation of coordination number (C.N.) in Ce'!!

All the computed g-tensors and energy spectrum
for varied coordinated complexes are shown in
table 4.

Among all the C. N. studied (figure 5), complex with
C.N. 2 model is found to possess the largest U.g value.
Model with C. N. 11 shows rhombic anisotropy while
gradual increase in transverse nature of anisotropy is
achieved till C. N. 9. Model with C.N. 7 possesses axial
anisotropy followed by rhombicity in case of C.N. 6.
As we further go down from C. N. 6 to 5, transverse
anisotropic behaviour is observed again. Further reduc-
tion in C.N. around Ce™ in 3, produces almost Ising
behaviour. Independent of the C. N., the 0 angle is
found to be large for all tested models. Model with C.N.
5 is found to have largest transverse anisotropy whereas
C. N. 2 has largest Ising anisotropy.

3.7 Studies on complex 4

The energy spectrum and g-tensors for the Kramers
doublets of the ground *Iy, multiplet of Nd"™ ion com-
puted for 4 is shown in table 1 with excited multiplet
11,2 lying at 2157 cm™" higher in energy. Ground state
shows rhombic character whereas first excited state pos-
sesses axial anisotropy with U value of 16.2 cm™'.
First excited anisotropy direction lies almost orthogonal
with respect to the ground state Kramers Doublet.

3.8 Variation of coordination number (C. N.) in Nd'!!

The energy spectrum and all computed values
for versatile coordinated complexes are listed in
table 5.

Model with C.N. 4 is found to possess the largest U
and also possesses axial ground state anisotropy and
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Table 3. Calculated energy spectrum, g tensors and angles (8) of the principal
anisotropy axes of ground pseudo-doublets of Tb™ model complexes (from 11 to
2 C.N. change around Tb™ ion) with respect to their respective first excited state
pseudo-doublets.

Coordination no.

around Tb Uesr (cm™h) 2 gy g, Angle {0} (°)
12 15.17 0 0 14.42 98.59
11 57.63 0 0 17.03 18.68
10 28.37 0 0 16.77 35.97
9 96.49* 0 0 17.42 39.17
8 62.50* 0 0 17.61 60.46
7 29.64 0 0 15.396 35.30
6 19.89 0 0 14.36 9.55
5 80.297 0 0 17.45 89.76
4 336.92* 0 0 18.02 94.76
3 505.80* 0 0 18.01 11.85
2 308.48* 0 0 17.94 101.21

*indicates barrier computed with second excited KDs due to collinearity with the first
excited KDs.

C.N.3

KD1 and KD2:gZZ

Figure 5. Model structures where C. N is altered around Tb™, Ce™, and Nd™ in 2, 3 and 4 along with the
anisotropy directions of ground vs. first excited KDs/non-KDs.

have smallest 0 angle (compared to other C. N. models).  to 6 and 7 leads to an observation of rhombic nature of
Models with C. N. 11 were found to possess thombic  anisotropy. As we go further down from C.N. 5 to lower
anisotropy. As we decrease the C. N. around the Nd™, C. N number models, axial nature of the anisotropy is
a gradual increase in transverse nature of anisotropy is  observed. The angle 0 is found to be large for all tested
attained till C.N. 9. Further reduction of C. N. from 9  models.
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Table 4.

anisotropy axes of ground KDs of Ce!”
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Calculated energy spectrum, g tensors and angles (0) of the principal
model complexes (from 11 to 2 C.N. change

around Ce' ion) with respect to their respective first excited state KDs.

Coordination no.

around Ce Uesr (cm™h) gy g, Angle {0} (°)
12 107.90 0.08 0.53 3.70 40.41
11 48.91 0.57 1.31 3.56 78.27
10 63.72 2.03 1.71 0.80 90.70
94 89.41 2.06 1.02 0.20 26.14
7 431.76 0.54 0.59 3.72 14.78
6 381.92 0.63 1.14 3.90 90.53
5 299.14 2.46 2.24 0.83 20.19
42 821.28 0.05 0.06 4.16 89.30
2 972.38 0.03 0.07 4.11 85.26

a) note here that C. N models 3 and 8 are missing as these models did not lead to

minimum energy structures.

Table 5.

Calculated energy spectrum, g tensors and angles (0) of the principal

anisotropy axes of ground KDs of Nd™! model complexes (from 11 to 2 C.N. change
around Nd"" ion) with respect to their respective first excited state KDs.

Coordination no.

around Nd Uesr(cm ™) gy g, Angle {0} (°)
12 16.20 0.58 1.73 3.66 85.30

11 20.64 1.49 2.02 3.56 107.90

10 48.18 2.83 2.69 1.81 47.14

94 37.24 2.30 2.49 1.44 47.94

7 87.24 0.22 1.02 391 23.87

6% 93.29 0.13 1.56 3.39 64.28

42 416.64 0.03 0.07 4.73 66.37%
2 53.20 0.05 0.17 5.04 32.99

a) note here that C. N models 3, 5 and 8 are missing as these models did not lead to

minimum energy structures.

*indicates barrier computed with second excited KDs due to collinearity with the first

excited KDs.

3.9 Studies on complex 5 and 6

The energy spectrum and g-tensors for two pseudo-
doublets and five singlets of the ground *H, multiplet
of Pr'" ion in 5 are shown in table 1 with excited mul-
tiplet Hs lying at 2270 cm~!. First three levels in 5
are singlet states and this precludes SMM behaviour for
5. It is noteworthy that, only fourth and fifth levels are
pseudo doublets with magnetic moment and these are
Ising in nature. The energy spectrum and g-tensors for
three KDs of the ground °Hs/,, multiplet of Sm™ ion
in 6 are shown in table 1 with excited multiplet °H; 2
lying at 1030 cm~'. Effective energy barrier required
for reorientation of magnetization is found to be 90.03
cm~! in complex 6. Ground state anisotropy is rhombic
in nature with first excited state possessing significant
transverse anisotropy. Ground state KD lies at a large 0

angle with respect to first excited KD in 6 resulting in
possible relaxation via the first excited KDs.

4. Conclusions

We have performed fragment ab initio calculations
on a series of lanthanide complexes [Ln™ = Dy(1),
Tb(2), Ce(3), Nd(4), Pr(5) and Sm(6)] to shed light on
the magnetic properties. Conclusions derived from our
work are summarized below:

1) All the studied complexes except S are likely to
exhibit SMM characteristics as significant bar-
rier to reorientation of magnetisation is com-
puted. However experimental observation of
SMM behaviour may be hampered by QTM and
intermolecular interactions.
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2) The computed U values for the five complexes
are found to decrease in the order (3>6>1>4>2;
Uy 107.9>90.03>27.93>16.2>15.17 cm™')
suggesting largest barrier height for Ce™ complex
followed by Sm'", Dy™, Nd™ and Tb™. The Dy™
and Sm'" are the best oblate and prolate ions
respectively to exhibit SMM properties Thus it is
not surprising that they possess large Uy values.
The Ce ion possesses oblate electron density
and is predicted to yield only small U values.®
However here we predict that the Ce™ structure
possesses the largest U of the entire complex set
tested. This is rather intriguing and unprecedented
and requires an experimental verification.

3) Among the complexes studied, ground state
anisotropy of complex 1 and 2 are Ising in nature
while for 3, 4 and 6, a rhombic anisotropy is
detected and complex 5 is not an SMM. The
nature of anisotropy computed suggests that the
tunnelling between the ground state KDs are
likely to be small for complexes 1 and 2 while it
is expected to be substantial for complexes 3, 4
and 6. This leads to larger QTM for 3, 4 and 6
while relatively less for 1 and 2 and this effect may
overshadow the computed Uy values discussed
above.

4) Analysing the trend among the models with varia-
tion in C. N. reveals an inverse correlation between
C. N. and Uy and g,, values. In all the tested
cases low-coordinate models yield substantially
higher barrier heights and this suggests that these
are likely to be superior SMMs over regular
high coordination number structures. Thus syn-
thetic efforts targeted towards low-coordinate lan-
thanide complexes should be pursued to obtain
larger U, values.

5) Among all the complexes tested three coordinate
Ce'" model is found to possess exceptionally large
U, value of 972.38 cm™' Although, it is chal-
lenging to synthesise low-coordinate Ce™ com-
plexes, extremely large barrier height computed
might make them a suitable synthetic target.

Supplementary Information

Supplementary information contains coordinates of all
the DFT optimised model complexes studied for com-
plex 1, 3, 4 and 6 and computational details. For further
details, visit www.ias.ac.in/chemsci.
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