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Abstract: Detailed ab initio calculations were performed on
two structurally different cerium(III) single-molecule magnets
(SMMs) to probe the origin of magnetic anisotropy and to

understand the mechanism of magnetic relaxations. The

complexes [CeIII{ZnII(L)}2(MeOH)]BPh4 (1) and [Li(dme)3]
[CeIII(cot’’)2] (1; L = N,N,O,O-tetradentate Schiff base ligand;
2 ; DME = dimethoxyethane, COT’’= 1,4-bis(trimethylsilyl)cy-
clooctatetraenyldianion), which are reported to be zero-field

and field-induced SMMs with effective barrier heights of 21.2
and 30 K respectively, were chosen as examples. CASSCF +

RASSI/SINGLE_ANISO calculations unequivocally suggest that

mJ j �5/2i and j �1/2i are the ground states for complexes
1 and 2, respectively. The origin of these differences is
rooted back to the nature of the ligand field and the sym-

metry around the cerium(III) ions. Ab initio magnetisation
blockade barriers constructed for complexes 1 and 2 expose
a contrasting energy-level pattern with significant quantum
tunnelling of magnetisation between the ground state
Kramers doublet in complex 2. Calculations performed on

several model complexes stress the need for a suitable
ligand environment and high symmetry around the ceriu-

m(III) ions to obtain a large effective barrier.

Introduction

Single-molecule magnets (SMMs) are a class of compounds

that are sought for their intriguing ability to maintain their in-
trinsic magnetic moment for some time after the applied mag-

netic field is switched off. Since the discovery of the first mo-
lecular magnet, the Mn12Ac cluster,[1] in the 1990s, exploration
of this class of compounds has quickly grown into an active re-
search field. SMMs behave as macroscopic magnets due to

several peculiarities of their electronic and magnetic structures,
which arise from various molecular interactions. Interesting
physical phenomena such as slow relaxation of magnetisation
and quantum tunnelling of magnetisation (QTM) has also been
revealed for this class of compounds. The magnetisation block-

ing ability may give rise to potential applications in informa-
tion storage (the idea of one bit per molecule is attractive),

magnetic memory, molecular spintronics and quantum com-

puting devices.[2]

The ideal SMMs must have a certain number of low-lying
doublet states characterised by a strong uniaxial anisotropy.
The low-lying energy spectrum of Mn12Ac arises as a result of

negative zero-field splitting (induced by the anisotropy param-
eter D, which is usually in the order of several cm¢1) of the

ground spin S = 10; the blocking barrier in this compound is
given approximately by jD jS2. However, it is not easy to
obtain a large spin ground state S and a very large negative D
at the same time to achieve large barrier height for reversal of

magnetisation. On the other hand, lanthanide ions have re-
ceived substantial attention since the initial stages of research
into molecular magnetism due to their large magnetic
moment;[3] large magnetic anisotropy;[4] unquenched orbital
angular momentum; deeply seated unpaired 4 f electrons,

which result in a negligible ligand field effect; and intrinsic op-
tical[5] and magnetic properties.[6] Given the relatively small

radius of the 4 f shell, it is almost isolated from the environ-
ment and is not significantly involved in covalent interactions
and chemical bonding. As a result, the orbital moment of the

lanthanide remains unquenched in various ligand environ-
ments and induces strong spin–orbit coupling effects in the

ground LS term. The ground spin–orbital manifold, J, in lantha-
nide complexes plays the role of the total ground spin in
Mn12Ac, whereas the crystal field (CF) splitting of the ground J

term in complexes (usually of several hundreds of cm¢1) may
be regarded as the anisotropy of the ground spin in Mn12Ac.

The advantages of lanthanides for molecular magnetism
become clear.[7] Because the size of the ground manifold is

fixed to the multiplicity of the ground J term (2J + 1), by accu-
rately designing the ligand field around the lanthanide ion, we

[a] S. K. Singh, T. Gupta, Prof. Dr. G. Rajaraman
Department of Chemistry, Indian Institute of Technology Bombay
Powai, Mumbai, 400076 (India)
E-mail : rajaraman@chem.iitb.ac.in

[b] Dr. L. Ungur
Division of Quantum and Physical Chemistry
Department of Chemistry, Katholieke Universiteit Leuven
Celestijnenlaan 200F 3001 Heverlee, Leuven (Belgium)
E-mail : liviu.ungur@chem.kuleuven.be

Supporting information for this article is available on the WWW under
http ://dx.doi.org/10.1002/chem.201501330.

Chem. Eur. J. 2015, 21, 13812 – 13819 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim13812

Full PaperDOI: 10.1002/chem.201501330

http://dx.doi.org/10.1002/chem.201501330


can induce desired CF splitting and magnetic anisotropy of the
resulting states.

Although several mono- and polynuclear lanthanide-based
SMMs have been reported so far, interest remains constrained

to heavier lanthanide ions, such as DyIII, TbIII, ErIII and HoIII, be-
cause the spin–orbit coupling is very strong and leads to large

magnetic anisotropy.[6d, 8, 9] On the other hand, lighter lantha-
nide elements are employed in the production of bulk industri-
al magnets, such as SmCo5 and Nd2Fe14B.[10] Although the

spin–orbit interaction is the vital component for magnetic ani-
sotropy, the CF also has a pronounced effect on the design of
SMMs. A recent report by Long and Rinehart revealed the im-
portance of the CF environment on fine-tuning the magnetic
properties of lanthanides.[8v] The high coercive field observed
in SmCo5 was attributed to the prolate shape of the SmIII ion,

with the complete equatorial ligand field offering a large mag-

netic anisotropy. This study suggests that fine-tuning the
ligand field can significantly influence the magnetic behaviour

of both the heavy and lighter lanthanide elements.[8v] Among
the lighter lanthanides, the CeIII ion has attracted attention in

recent years and three SMMs based on CeIII have been report-
ed.[11] Because the CeIII ion possess only one unpaired electron

(4 f1 configuration and 2F5/2 as the ground state) and the natu-

ral isotopes of CeIII do not possess any nuclear spin, manipula-
tion of the electronic levels is easier compared with other ions

and this has implications for the development of devices
based on SMMs.[2e]

Theoretical studies are indispensable in the area of lantha-
nide chemistry and recent advances in post Hartree–Fock

multi-configurational ab initio methodology have made accu-

rate quantum chemical calculations on paramagnetic 4 f
compounds possible.[8e, l, o, r, s, 12] The CASSCF + RASSI/SINGLE_

ANISO[12h, 13] module implemented in the MOLCAS[14] suite has
been widely used to probe magnetic anisotropy in lanthanide

molecular magnets.[8n, o, 12j, k, 15] Considering the recent research
trend on early lanthanide-based SMMs, to offer explicit under-
standing of magnetic anisotropy and magnetic relaxation in

varied coordination and metallic environments, we have per-
formed detailed ab initio calculations on CeIII-based SMMs for

the first time. Calculations have been performed on two CeIII

SMMs: [CeIII{ZnII(L)}2(MeOH)]BPh4 (1; L = N,N,O,O-tetradentate
Schiff base ligand)[16] and [Li(dme)3][CeIII(cot’’)2] (2 ; COT’’= 1,4-
bis(trimethylsilyl)cyclooctatetraenyldianion, DME = dimethoxy-

ethane). In complex 1, the CeIII ion is sandwiched between two
{Zn(L)} moieties and connected to the ZnII ion through two m-
phenoxo oxygen atoms.[11a, b] These deliberately placed diamag-

netic ZnII ions are known to enhance the barrier height by in-
creasing the charge on the phenoxo oxygen atoms and also

serve the purpose of dilution.[12aa, 17] Complex 1 exhibits slow
relaxation of magnetisation in zero field and the Ueff, estimated

by fitting the data to a non-linear Arrhenius equation, yields

a barrier height of 21.2 K (14.7 cm¢1). In complex 2, the CeIII ion
is sandwiched by two COT’’ ligands. These organometallic li-

gands are robust towards the synthesis of SMMs because they
promote strong electron delocalisation and offer stronger

metal–ligand interactions. An example of this category is the
[Er(cot)2]¢ complex, which exhibits zero-field SMM behaviour

and the second-largest blocking temperature (TB) of 10 K re-
ported for any SMM to date. Complex 2 exhibits slow relaxa-

tion of magnetisation in the presence of an applied static
direct current (dc) field and the Ueff estimated by using the Ar-

rhenius equation is a barrier height of 30 K (20.9 cm¢1). By
modelling these two complexes, we intend to answer the fol-

lowing intriguing questions: 1) How do basis sets and the
nature of the active space influence the low-lying energy

levels in CeIII SMMs? 2) What is the origin of magnetic anisotro-

py and what are the mechanisms by which magnetic relaxa-
tion takes place in these complexes? 3) Why is complex
1 a zero-field SMM, whereas 2 requires an applied dc field to
observe relaxation? This question is intriguing given the fact
that CeIII does not possess any nuclear spin.[18] 4) Which struc-
tures/coordination numbers (C.N.s) are best suited to enhance

the Ueff for the CeIII ion?

Computational Details

Herein, we have performed all post-Hartree–Fock ab initio calcula-
tions by using the MOLCAS 7.8 code.[14] Basis sets describing all
atoms were taken from the ANO-RCC[19] library available in the
MOLCAS package. Because basis sets[12t] have been found to influ-
ence the nature of anisotropy in lanthanide-based systems, we
have performed our calculations with three different basis sets
with the aim of probing the effect of basis sets on the nature of
magnetic anisotropy. Furthermore, we have also varied the active
space in CeIII to observe its impact on the anisotropy and relaxa-
tion pathway for reorientation of magnetisation. We have per-
formed calculations with three different basis sets: BS1 (931 basis
functions), BS2 (1010 basis functions) and BS3 (1255 basis func-
tions). Contractions employed for all three sets of basis sets are
provided in Table S1 in the Supporting Information. We have also
performed calculations with two different active spaces: AS1 and
AS2. In the case of AS1, the active space comprised of one active
electron of CeIII in the seven 4 f active orbitals (RAS(1,7)). In the
AS2 active space, we incorporated the 4 d10 shell on top of the AS1
active space with RAS(11,12) (see Tables S2–S4 in the Supporting
Information). The ground-state f-electron configuration for CeIII was
4 f1, which yielded 2F5/2 multiplet as the ground state. CASSCF cal-
culations were performed with the abovementioned basis sets and
active spaces to determine the relative energies of the Kramers
doublets (KDs) and associated g tensors. Herein, we computed
seven triplet states in the configuration interaction (CI) procedure.
After computing these spin-free excited states, we mixed all of
these states by using the RASSI-SO module to compute the spin–
orbit coupled states. Furthermore, we used these computed spin–
orbit states in the SINGLE_ANISO program to compute the g ten-
sors. To test the effect of dynamic correlations on the computed
low-lying energy spectrum, we performed CASPT2 calculations on
complex 2 (see the Supporting Information for details). The
CASPT2 calculations yielded a similar energy pattern and associat-
ed g tensors to the CASSCF results. This suggested that the inclu-
sion of a dynamic correlation did not improve the results, which
was expected because lanthanide–ligand covalency was very small.
The CeIII ion had three low-lying KDs for which the g tensors were
computed. For both complexes, calculations were performed on
crystallographic geometries to observe the effect of charges (i.e. ,
neighbouring molecules in the lattice) on the electronic structure,
we modelled the Madelung fields by incorporating four layers of
point charges (see the Supporting Information for details). The
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Cholesky decomposition for two-electron integrals was employed
throughout to save disk space. Using the SINGLE_ANISO code, we
computed the CF parameters and constructed the ab initio block-
ade barrier by computing the transversal magnetic moment be-
tween each KDs to analyse the nature of magnetic relaxation.[12s]

Results and Discussions

In complex 1, the CeIII ion is nine-coordinate and is coordinat-
ed to {Zn(L)} ions on each side through two m-phenoxo

oxygen atoms and two methoxy oxygen atoms. Additionally,
one methanol molecule is also ligated to the CeIII ion to com-
plete the coordination sphere. All three metal ions are aligned

in a linear fashion with a Zn-Ce-Zn angle of 1748. The four phe-
noxo oxygen atoms occupy axial positions, while the other five

oxygen donor atoms form an equatorial plane (see Figure 1 a).

For complex 1, the computed ground-state anisotropies are
gxx = 0.331, gyy = 0.482 and gzz = 4.063. This suggests an axial
set of g tensors, but lacks those of a pure Ising type, which
one would expect for the mJ j �5/2i ground state. All three

KDs span an energy window of 488 cm¢1. The relative energies
of the three low-lying KDs, along with the computed anisotro-
py, are given in Table 1. Wave function analysis suggests that

the ground state of the CeIII ion in this complex is predomi-
nantly j �5/2i (0.78 j �5/2i¢0.10 j �3/2i) with significant

mixing from the excited j �3/2i state (see Table S6 in the Sup-
porting Information). The computed gzz orientation for the

ground-state KD in 1 is directed towards one of the oxygen

donors of the bridging ligands and deviates from the Ce¢O
bond by about 118. The gzz axis is tilted by 20.88 from the Zn-

Ce-Zn axis (see Figure 1 a ). The first excited KD is located at
about 180 cm¢1 and possesses much larger transverse aniso-

tropy (gxx = 0.374, gyy = 1.141, and gzz = 2.564). The first excited
state is also found to be strongly mixed with consecutive excit-

ed states; this is attributed to a low-symmetry environment

being present in complex 1 (see Table S6 in the Supporting In-

formation). The principal magnetisation axis for the first excit-
ed KD is also oriented along the Zn-Ce-Zn axis, but is tilted by

36.88 from the direction of the gzz axis of the ground state.
The non-coincidence of the principal magnetisation axes of

the ground and first excited state KD enforces magnetic relaxa-
tion to occur via the first excited KD. This suggests that the

barrier height (Ucalcd) of 180 cm¢1 for this complex is overesti-

mated compared with the experimentally observed barrier
height (Ueff) of 14.7 cm¢1.[11a] Recently, we demonstrated the im-

portance of dilution experiments to bridge the gap between
the values of Ueff and Ucalcd by an order of magnitude.[20]

Apart from the magnetic relaxations discussed above, anoth-
er important relaxation in lanthanide SMMs is due to intermo-

lecular interactions. To see how these intermolecular interac-

tions influence the low-lying energy spectrum, we have mod-
elled these interactions by using the point-charge model with

the Madelung lattice constant. Herein, eight layers of point
charges, four below and four above the actual molecule of in-

terest, were considered and these point charges were con-
structed based on the X-ray structure and CASSCF-computed

charges (see the Supporting Information for further details). Al-

though minor changes are noted, this model also yields a simi-
lar energy spectrum with almost no change in the Ucalcd values.

It has often been observed that extended basis sets lead to
closer agreement between values of Ucalcd and Ueff.

[21] To test
the basis-set dependence, we extended the calculations by ex-
panding the basis set from double-z to triple-z with the active

space of CAS(1,7).This leads to an increase in the value of Ucalcd

by about 10 %. A similar trend has been observed when calcu-
lations have been performed by using the active space of

CAS(11,12), which also incorporates the 4 d10 shells (see Ta-
bles S2–S4 in the Supporting Information). The presence of

larger basis sets and the active spaces did not significantly im-
prove the values of Ucalcd nor was an improvement to the ex-

perimental magnetic data observed (see Figure S2 in the Sup-

porting Information). Thus, we have chosen to restrict further
studies to the BS2 level basis set and CAS(1,7) active space.

To analyse magnetic relaxation in complex 1, we constructed
the ab initio magnetisation blockade barrier by computing the

transverse magnetic moments between the corresponding
states. Here, the states are arranged according to the values of

Figure 1. X-ray structures of complexes a) 1 and b) 2 showing ab initio com-
puted orientations of the g tensors of the ground-state KDs. Colour code:
pink, Ce; green, Zn; red oxygen; blue, nitrogen; grey wires, carbon. Hydro-
gen atoms are omitted for clarity. Ab initio computed magnetisation block-
ade barriers, along with computed transversal magnetic moments between
the connecting pairs for complexes c) 1 and d) 2.

Table 1. CASSCF + RASSI-SO-computed g tensors and relative energies of
three low-lying KDs for complexes 1 and 2, along with deviations from
the principal magnetisation axes of the first KD. The values provided in
parentheses are for complex 2.

Energy
[cm¢1]

gxx gyy gzz q

0.0 0.331 0.483 4.063 –
(0.0) (2.433) (2.433) (1.033)
179.5 0.374 1.141 2.564 36.8
(503.1) (0.002) (0.011) (4.116) (0.98)
488.3 0.518 1.494 3.227 99.8
(1036.6) (0.033) (0.040) (3.210) (1.32)
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their magnetic moments. The number at each arrow connect-
ing any two states is the mean absolute value of the matrix el-

ements of the transverse magnetic moments between the cor-
responding states. The shortest pathway for the relaxation of

magnetisation corresponds to a large value of transverse mag-
netic moment (see Figure 1 c). This analysis suggests that the

most feasible path for magnetic relaxation is that shown by
the dotted blue lines in Figure 1 c, that is, thermally assisted

quantum tunnelling via the first excited state due to the non-

coincidence of the principal gzz axes of the ground-state KD
and the first excited-state KD. The presence of significant trans-
verse anisotropy (gxx = 0.331, gyy = 0.483) in the ground state
due to the mixing of higher excited states suggests that the

QTM will also be operative within the ground-state KD. A sig-
nificant transverse magnetic moment (0.135 mB) within the

ground-state KD and between the first excited KD suggest that

both QTM and thermally assisted quantum tunnelling of mag-
netisation (TA-QTM) are operational and are competing pro-

cesses for magnetisation relaxation. Furthermore, the off-diag-
onal matrix elements between the ground state and first excit-

ed-state KD (0.18 mB) confirm Orbach/Raman relaxation.
In complex 2, the CeIII ion is bound to two dianionic COT’’ li-

gands in the h8 manner with a COT’’-Ce-COT’’ angle of 1788
(measured from the centre of the COT’’ ring) and the average
Ce¢C(COT’’) distance is 2.063 æ (see Figure 1 b). The barrier

height, estimated by fitting only the higher temperature data
to the linear Arrhenius equation, yields Ueff = 30 K for complex

2. Because lower temperature data are non-linear, this sug-
gests that QTM is operational for this molecule as well. We fit

the data for complex 2 with Equation (1) (see Figure S7 in the

Supporting Information).

1
t
¼ 1

t0
expð¢DE=kBTÞ þ 1

ttunnel
0

ð1Þ

The fit yielded the following parameters: t0 = 1.14 Õ 10¢6 s;

DE/kB = 29.5 K and ttunnel
0 = 0.058 s for complex 2, and t0 = 1.6 Õ

10¢7 s, DE/kB=21.2 K and ttunnel
0 = 3. 8 Õ 10¢4 s for complex 1.[11a, b]

The computed energy spectrum for three low-lying KDs

spans up to about 1036 cm¢1 and the energies of each KD, as
well the associated g tensors, are provided in Table 1. The

larger energy gap (twice as big) computed for complex 2 than
1 suggests the presence of stronger metal–ligand interactions

in complex 2. The computed g tensors for the ground-state
KDs are gxx = 2.432, gyy = 2.361 and gzz = 1.033; this reflect
a pure rhombic set of g tensors with a small magnetic

moment along the easy axis. In contrast to complex 1, here
mJ j �1/2i is the ground state (see Tables S6 and S8 in the Sup-

porting Information). The computed static dc data also yields
good agreement with the experimental data (see Figure S6 in

the Supporting Information).

The computed orientation of the gzz axis is collinear with the
highest symmetric axis. The first excited mJ j �5/2i KD is locat-

ed 503 cm¢1 above the ground state KD and the gzz of this first
excited state is collinear with the ground-state KD (deviation

of <28). Because the ligand environment is symmetric in
nature, even for the second excited KD, the gzz orientation is

collinear with the ground-state gzz axis (see Table 1 and
Table S7 and Figure S5 in the Supporting Information). This is

an ideal situation of relaxation one can look for in these sys-
tems; however, a strong equatorial ligand field stabilises mJ j �
1/2i as the ground state, leading to significant QTM effects.
The constructed ab initio blockade barrier shows a barrier-less

“U”-shaped behaviour for magnetic relaxation (see Figure 1 d).
Thus, no zero-field SMM behaviour is expected for this mole-

cule. However, the application of a magnetic field lifts the de-

generacy of the mJ j �1/2i levels and quenches the QTM ef-
fects to a certain extent. The hyperfine interactions, which gen-
erally open up resonant QTM behaviour in an applied field, are
also absent for CeIII ions because none of the natural isotopes

of CeIII possess any nuclear spins. This leads to an observation
of magnetic relaxation for complex 2 in the presence of an ap-

plied field. If the ground-state QTM is quenched, other factors

are very favourable (larger Ucalcd values, coincidence up to the
second excited state, very small QTM computed between the

excited KDs, etc.) for complex 2. This is expected to yield
a larger barrier height for this molecule, as estimated from the

experimental data. In addition, the value of ttunnel
0 extracted

from experiments is also larger for complex 2 than that of

complex 1; this is also in agreement with our calculated re-

sults.
We have also computed the CF parameters for both com-

plexes and this provides further insights into the mechanism
of magnetic relaxation. Because the CF parameters cause split-

ting of the ground-state multiplets and these are very sensitive
to small structural changes, they offer intriguing clues to the

relaxation mechanism. Recent developments in the SINGLE_

ANISO code allow us to compute the CF parameters from
Equation (2):

ĤCF ¼
XXq

k¼¢q

Bq
k
~Oq

k ð2Þ

in which ~Oq
k is the extended Stevens operator and Bq

k is the

computed CF parameter. The computed CF parameters for
complexes 1 and 2 are shown in Tables S4 and S9, respectively,

in the Supporting Information.

Assuming very small or negligible intermolecular and ligand

hyperfine interactions, the probability of QTM between the
ground-state KD can be best described by the CF parameters.
The QTM effects are expected to be dominant in a system in

which the non-axial Bq
k (in which q¼6 0 and k = 2, 4, 6) terms are

larger than the axial terms (in which q = 0 and k = 2, 4, 6). The

computed CF parameters for complexes 1 and 2 are given Ta-
bles S4 and S9 in the Supporting Information. For complex 1,

we notice that the axial B0
2 parameter is the largest one and it

is negative. The main effect of the negative B0
2 parameter is to

stabilise the mJ j �5/2i in the ground state (Table S6 in the

Supporting Information). However, quite large values of the
non-axial B1

2; B1
4; B3

4 terms induce significant mixing between all

components of the ground J = 5/2 manifold. As a result, the
ground doublet state acquires significant transverse anisotropy

(gxx = 0.331, gyy = 0.483). The presence of significant non-axial
terms, alongside large values of gx,y, suggest that the QTM at
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the ground state is operative, along with TA-QTM/Orbach via
the first excited KD (Figure 1 c).

On other hand, for complex 2, in which higher symmetry
around the CeIII ion is maintained compared with 1, the non-

axial terms are smaller than the axial terms. We notice that the
axial B0

2 parameter is the largest one and it is positive. We also
mention the opposite sign of the B0

4 parameter relative to 1.
The main effect of the positive B0

2 parameter is to stabilise mJ j
�1/2i in the ground state (see Tables S8 and S9 in the Sup-

porting Information). As such, the transition between the two
components is significant, and induced by the first-order angu-
lar momentum operator. In other words, suppose the molecule
is prepared in one of the states with a definite mJ value, any

magnetic field applied along the perpendicular directions (x
and y) will interact with the corresponding magnetic moments

mx and my (as reflected in the large gx and gy values in the

ground-state KD) to induce significant Zeeman splitting, that
is, quantum tunnelling. This leads to significant rates of QTM

in the ground state. We may draw an analogy with the effect
of the positive anisotropy parameter D in classical spin sys-

tems. Thus, the “easy-plane”-type magnetic anisotropy of the
ground doublet state is not surprising. The opposite signs of

the axial B0
2 and B0

4 parameters for 1 and 2 are associated with

the dominant axial ligand field in 1 versus the dominant equa-
torial ligand field in 2, and, as a result, have the inverse energy

patterns of low-lying KDs. The opposite sign of the CF is
a result of the axial CF in 1 versus the equatorial CF in 2.

To gain insights into the bonding picture and how this is
correlated to the ligand field and anisotropy, we performed

DFT calculations on 1 and 2, and the computed spin density

plots are shown in Figure 2. Spin density analysis suggests
a predominant spin polarisation mechanism for both 1 and 2.

Notably, complex 1 possess four methoxy and one methanol
oxygen atoms weakly coordinated on the equatorial plane,

while four negatively charged phenoxo oxygen atoms occupy
the axial position. Because the CeIII ion is an oblate ion, strong

axial ligands are desired to stabilise larger mJ values as the

ground state. The ligand arrangement in complex 1 led to sta-
bilisation of mJ j �5/2i as the ground state. Because significant

deviation in both the equatorial plane and axial directions is

observed, mixing of the ground state with other excited states
is expected, as exemplified by the earlier CASSCF results. DFT

calculations clearly reflect this picture in which the unpaired
electron of CeIII is found to occupy the 4 fx(x2¢3y2) orbital, leading

to a disc-like spin density in the equatorial plane. Additionally,
the computed (see Table S5 in the Supporting Information)

charges also reveal a similar picture in which phenoxo oxygen
atoms possess a significantly large negative charge compared

with other oxygen donors.In contrast, for complex 2, the COT’’
ligands provide strong equatorial interactions[11b] and this leads
to stabilisation of mJ j �1/2i as the ground state. DFT calcula-
tions also capture this point where the unpaired electron of
CeIII occupies the 4 fxyz orbital, leading to a cube-shape spin

density (see Figure 2 b).

Importance of geometry and C.N.s upon the Ucalcd values:
Building highly anisotropic SMMs

To answer question 4 posed earlier, we performed calculations
on several fictitious model complexes of CeIII with various C.N.s

(1 to 12) and geometries (see Figure 3). Both symmetry and

the electrostatic potential of the ligands play a vital role in dic-
tating SMM behaviour. All model structures are generated by

maintaining the closest higher order symmetry to achieve
large Ucalcd values. For this purpose, we have chosen

[Ce(OH)n]m¢/ + models, in which the Ce¢O distances were fixed
at 2.3 æ, the O¢H distances were fixed at 1.0 æ and the Ce-O-H

bond angle(s) were fixed at 180.08 to preserve the closest

higher order symmetry for all of these models. The models
studied herein are shown in Figure 3, and the computed gzz

anisotropy axis and energies of three low-lying KDs for model
complexes from C.N. = 1–12 are provided in Table S10 in the

Supporting Information. The following points emerge from our
predictions: 1) The models for C.N. = 1 and 2 (C1v and D1h) do

not possess any equatorial ligation. The ground-state KD in

C.N. = 1 possesses a very small transverse anisotropy, which
opens up the QTM pathway and is likely to diminish the Ueff

value. The C.N. = 2 model shows the largest Ucalcd value among
all of the models studied and can be attributed to the oblate
f-electron density of the CeIII ion. All KDs in the C.N. = 2 model
are of pure Ising type, which causes stabilisation of mJ j �5/2i
as the ground state. Moreover, all excited-state KD values of gzz

are collinear with the ground-state gzz axis, leading to very

large Ucalcd values. 2) For models of C.N. = 3 and 4, all of the li-
gands are on an equatorial plane, which is an unfavourable
ligand field environment for an oblate ion, and thus, these

models possess significant transverse anisotropy at the ground
state and stabilise mJ j �1/2i as the ground state. 3) The addi-

tion of further ligands is assumed to occur in the axial direc-
tion for C.N. = 5–7. Because addition along the axial direction is

favourable for oblate ions, these models stabilise higher mJ

levels as the ground state. For C.N. = 5, square-pyramidal and
trigonal bipyramidal (TBP) geometries were modelled and the

TBP structure was found to be superior because there were
two axial ligands present in the model. 4) For C.N. = 6, signifi-

cant transverse anisotropy at the ground state is noted and
the computed g values resemble those of an isotropic system.

Figure 2. DFT-computed spin density plots of complexes a) 1 and b) 2. The
isodensity surface is represented with a cutoff of 0.001 e¢bohr¢3. The green
and yellow regions indicate positive and negative spin densities, respective-
ly.
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Because no unique higher order symmetry is present in the oc-
tahedral structure, the gxx�gyy�gzz situation arises. For C.N. = 7

(pentagonal bipyramidal geometry), the presence of two axial
ligands and unique C5 axis leads to a significant barrier for re-
orientation of magnetisation and collinearity among all gzz

axes. Additionally, this structure yields only a small transverse
anisotropy in the ground-state KD. Together this information
suggests that this model has a higher chance of SMM behav-
iour with the CeIII ion. For complex 1, although the C.N. of the
CeIII ion is nine, the structural arrangement more closely resem-
bles that of the C.N. = 7 model. The energy pattern predicted

for 1 and this model also resemble each other. This is the
reason behind the zero-field SMM behaviour observed for
complex 1. Additionally, we would like to note here that, for
DyIII complexes, D5h point-group structures are predicted to be
superior to Oh point-group structures.[12r] For C.N. = 8, a square

antiprismatic structure with the D4d point group is assumed.
Because all of the ligands are non-axial, the oblate-type density

of the CeIII ion faces strong repulsion from the ligand field and

stabilises mJ j �1/2i as the ground state. Due to perfect D4d

symmetry, the principal magnetisation axes of all three KDs are

collinear, but stabilisation of mJ j �1/2i activates the ground-
state QTM as the most favourable pathway for magnetic relax-

ation. These D4d/4h geometries are unlikely to yield any zero-
field SMM behaviour. Complex 2 is an illustrative example of

this category, which lacks SMM behaviour due to stabilisation
of mJ j �1/2i as the ground state. A similar situation was en-

countered for the oblate DyIII ion,[12w, z] which also lacked SMM
behaviour in same ligand field; however, the prolate ErIII ion

exhibited a record-breaking temperature of 10 K for magneti-

sation[22] reversal. A higher C.N. , that is, greater than eight,
does not offer significant improvement because the additional
ligands occupy both axial and equatorial positions.

Conclusion

For the first time, we have performed ab initio calculations on
two structurally diverse cerium(III)-based SMMs. Our calcula-
tions, apart from rationalising the observed magnetic proper-

ties of these two molecules, offer clues on how to enhance Ueff

in cerium(III)-based SMMs. The conclusions derived from this

work are summarised below.
Firstly, because this was the first attempt to perform

CASSCF + RASSI/SINGLE_ANISO calculations on CeIII SMMs, we

performed a limited method assessment for which calculations
with three different basis sets and two different active spaces

were attempted. Larger triple-z basis sets do not significantly
improve the computed properties. Furthermore, increasing the

active space of CAS(1,7) to CAS(11,12) (at which the doubly oc-
cupied 4 d10 shell is also incorporated into the active space)

Figure 3. The ab initio computed structures along the direction of principal magnetisation axis for three low-lying KDs for models with C.N.= 1–12. Colour
code: pink, Ce; red, O; white, H.
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also did not significantly influence the computed properties or
low-lying energy spectrum. Our findings suggest that inclusion

of only the 4 f orbitals and 4 f electron, along with a double-z
basis set, is sufficient to describe these systems with reasona-

ble accuracy.
Secondly, the zero-field SMM behaviour observed for com-

plex 1 was attributed to the stabilisation of mJ j �5/2i as the
ground state. The peculiarity of the structure and presence of
two ZnII cations at the axial positions stabilise the largest mJ

level as the ground state. However, the lack of higher order
symmetry around the CeIII ion allows significant mixing of the
ground state with excited states, leading to a large transverse
anisotropy for the ground-state KD. This apparently activates

the ground-state QTM effects. In addition to the ground-state
QTM effects, the TA-QTM/Orbach/Raman process also leads to

relaxation of magnetisation in this complex.

Thirdly, the strong equatorial field of the COT’’ ligands is un-
favourable for the CeIII ion and this lead to stabilisation of the

lowest mJ j �1/2i as the ground state, resulting in a U-shaped
barrier-less energy spectrum. Although complex 2 is highly

symmetric in nature and collinearity among all gzz axes is main-
tained, the large transverse anisotropy associated with the mJ j
�1/2i state leads to significant QTM behaviour at the ground

state and quenches the SMM behaviour (in the absence of an
applied field).

Finally, complexes 1 and 2 are ideal examples in which a suit-
able ligand field, but lack of symmetry is found in 1, whereas

higher symmetry, but an unsuitable ligand field, is found for
complex 2. These two contrasting examples exemplify the

point that both symmetry and ligand field are important in the

design of SMMs based on CeIII ions. Our model studies particu-
larly suggest that very low C.N.s or C.N. = 5/7 with TBP/PBP ge-

ometries are expected to yield larger Ueff values and moderate
SMM behaviour.
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