
Dalton
Transactions

COMMUNICATION

Cite this: Dalton Trans., 2024, 53,
7263

Received 27th December 2023,
Accepted 26th March 2024

DOI: 10.1039/d3dt04352e

rsc.li/dalton

Magnetic anisotropy in octahedral Dy(III) and Yb(III)
complexes†

Aditya Borah, a,c Sourav Dey, a Kehkasha Siddiqui, a Sandeep K. Gupta, b

Gopalan Rajaraman *a and Ramaswamy Murugavel *a

New organophosphate complexes [Ln(dippH)3(dippH2)3]·(H2O)6,

(Ln = Dy, Yb and Y; dippH2 = 2,6-diisopropylphenyl phosphate),

displaying octahedral coordination geometry around the metal

ion, exhibit unusual slow relaxation of magnetisation, which is

investigated through experimental studies and ab initio CASSCF

calculations.

Molecular systems showing slow relaxation of magnetization
due to magnetic bistability are called single-molecule magnets
(SMMs).1 Since this phenomenon is purely molecular in
origin, it has potential applications in magnetic storage
devices2 and spintronics.3–5 The energy barrier for magnetiza-
tion reversal (Ueff ) and the blocking temperature (TB) below
which the opening of magnetic hysteresis is observed are con-
sidered to be figures of merit for SMMs.6–8 In this regard, late
lanthanides, particularly Dy(III), based SMMs have drawn par-
ticular attention in the past two decades because their large
magnetic anisotropy originating from the strong spin–orbit
coupling of the metal centre that leads to the very high Ueff for
magnetization reversal.9,10 The ligand field (LF) around the Ln
(III) centre plays a very crucial role towards the SMM behaviour,
though the interaction of the LF with the 4f electrons is very
weak.11–14 The linear two-coordinated ligand field around the
metal is found to be ideal for achieving higher Ueff and TB
values as this geometry allows the complex to relax via the
highest excited state, nullifying the existence of quantum tun-
nelling of magnetization (QTM).15 Unlike the linear two-co-
ordinated transition metal analogues, synthesis of low-co-
ordinated lanthanide complexes is very difficult owing to the
large ionic radii of Ln(III) ions.16 In the past six years, we have

witnessed the axial limit of magnetic anisotropy in which the
metal centre like Dy resides in an axially compressed high sym-
metry ligand field (D4h,

17,18 D5h,
19–27 D6h,

28,29 D8h
30,31). While

a strong axial ligand field and weak/no equatorial ligand field
are required to stabilize the ground oblate electron density, a
reverse ligand field is essential to stabilize the ground prolate
electron density.32,33 However, both oblate and prolate-shaped
electron clouds are expected to be isotropic once the ion is in
an LF of perfect octahedral symmetry.

Herein, we report three mononuclear Ln(III) complexes [Ln
(dippH)3(dippH2)3]·(H2O)6 (Ln = Dy 1; Yb 2 and Y 3) based on a
bulky organophosphate, 2,6-diisopropyl phenyl phosphate
(dippH2), where six of these dippH2 ligands create a nearly
perfect octahedral ligand field around the central Ln(III) ions.
The main objective of this work is to investigate whether ions
with oblate or prolate-shaped electron clouds become isotropic
once they are placed in a spherical LF. Two extreme ions Dy
(for oblate) and Yb (for prolate) are taken into consideration,
and this work shows that both these complexes possess signifi-
cant magnetic anisotropy.

Compounds 1–3 have been synthesized from the reaction of
the respective hydrated Ln(III) nitrate with dippH2 under
ambient conditions as shown in Scheme 1. Organophosphate
ligands (R/Ar-OPO3H2) are best known for yielding clusters or
polymeric networks, due to the presence of three oxygen
atoms available for coordination per ligand.34–36 The affinity of
phosphate ligands to behave as multidentate ligands is ceased
by performing the reaction in the absence of any base so that

Scheme 1 Synthesis of 1–3.
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deprotonation of the acid is restricted. This strategy yields
mononuclear six-coordinated Ln(III) hexaphosphate complexes.
To the best of our knowledge, these are the first Ln(III) based
coordination compounds with octahedral symmetry that
contain six phosphates. The strong absorption peaks in the
FTIR spectra of 1–3 in the regions of 1200–1150 cm−1 and
1000–850 cm−1 are due to the presence of PvO stretching and
M–OvP symmetric and asymmetric vibrations, respectively.
The broad absorption peak centred at 2300 cm−1 confirms the
presence of the free P–OH group of the dippH2 ligands, while
the broad peak near 3500 cm−1 originates from lattice (H5O2)

+/
(H3O2)

− moieties (vide infra, Fig. S1†).
Single crystal X-ray structure analysis of isomorphous 1–3

reveals that the asymmetric part of the R3̄ unit cell contains
one-sixth of the Ln(III) ion, an organophosphate, and a lattice
water molecule (Fig. 1; also see Table S1 and Fig. S6–S8†). The
full molecule contains the respective Ln(III) centre and six
dippH2 ligands coordinating the Ln(III) centre via P–O–Ln
coordination along with six lattice water molecules. The lattice
H3O2

− ions are close enough to the organophosphate dippH2

to enable the shuttling of the acidic proton H3 to-and-fro
between O3 and O5 of the anion, thus converting dippH2 to
dippH− and (H3O2)

− to (H5O2)
+. These two extremes are

observed in 1, 3 ((H5O2)
+) and 2 ((H3O2)

−) (Fig. S8 and S9†). In
case of 1 and 3, H3 in the fully protonated form (dippH2) is
closer to O5 (H3–O5: 1.183 Å; H3–O3: 1.353 Å in 1 and H3–O5:
0.852 Å; H3–O3: 1.669 Å in 3), forming a dippH− and (H5O2)

+

ion like situation while, in 2, H3 is close to O3 (H3–O3:
0.694 Å; H3–O5: 1.842 Å) resulting in an (H3O2)

− moiety
leaving organophosphate protonated (Scheme 2). Thus, the
more accurate molecular formulae turn out to be [Dy
(dippH)6]·(H5O2)3 for 1, [Yb(dippH2)6]·(H3O2)3 for 2 and [Y
(dippH)6]·(H5O2)3 for 3, at the temperature at which the X-ray
diffraction experiments have been performed.

The continuous SHAPE measurements37 reveal that the
Ln(III) ions occupy a close to perfect octahedral coordination
environment (Fig. 1b; and Table S5†). All six Ln–O lengths are
equal (2.2428(2) Å for 1, 2.2016(8) Å for 2 and 2.2259(1) Å for
3), but the bond angles show a slight deviation in the cis-
angles (Fig. 1 and Tables S3–S5†). Due to the presence of six
free P–OH groups per molecule (twelve in case of 2), there
exists extensive intramolecular (among the ligated phosphates)
and intermolecular (between the lattice (H5O2)

+/(H3O2)
− and

phosphates) H-bonding (Fig. S10 and S11†). The adjacent
molecules in the lattice are well separated with the closest
Ln⋯Ln distance being 14.131(4) Å in 1 and 14.321(1) Å in 2,
which is mainly due to the presence of six bulky phenyl rings
per molecule, thus reducing the possibility of any inter-
molecular magnetic interactions between the nearest neigh-
bours. The phase purity of the samples has been confirmed by
powder X-ray diffraction studies of the powdered bulk samples
(Fig. S13–S15†).

The magnetic property measurements of 1 and 2 have been
carried out on pure polycrystalline powdered samples. The
room temperature χMT values are 14.02 cm3 K mol−1 for 1 and
2.64 cm3 K mol−1 for 2, which are in good agreement with the
calculated values for isolated non-interacting Dy(III) (6H15/2,
14.18 cm3 K mol−1) and Yb(III) (2F7/2, 2.57 cm3 K mol−1) ions,
respectively (Fig. S16†). On cooling, the χMT value for 1
decreases smoothly up to 50 K before suddenly decreasing to
8.98 cm3 K mol−1 at 2 K. The decrease of χMT values in the
case of 2 is however smooth over the entire temperature range
reaching 0.45 cm3 K mol−1 at 2 K. The non-overlapping nature
of field dependence of the magnetization curve at different
temperatures indicates the existence of magnetic anisotropy in
both 1 and 2 (Fig. S17 and S18†).

The relaxation dynamics of magnetization in 1 and 2 have
been explored with the help of alternating current (ac) suscep-
tibility measurements with an oscillating field of 3.5 Oe. Both
of the complexes don’t show any out-of-phase signal (χ″) even
at 1.8 K due to the presence of strong QTM. QTM can be sup-
pressed to the highest extent by the application of a suitable
external dc field (Fig. S17 and S18†). Under the optimized dc
field (600 Oe for 1 and 1250 Oe for 2), 1 and 2 show frequency-
dependent χ″ peaks up to 5.0 K and 5.8 K, respectively (Fig. 2a
for 1 and 2b for 2). This confirms that both complexes are
field-induced SIMs. The relaxation times (τ0) associated with 1
and 2 are extracted from the fitting of Cole–Cole plots (Fig. S21
and S22†). The plots are well-fitted by considering a single
relaxation process (the relaxation times for the unresolvable

Fig. 1 (a) Molecular structure of 1. Isopropyl groups on the phenyl ring,
H atoms and lattice water molecules are omitted for clarity. (b)
Polyhedron showing the Oh symmetry around the Dy(III) ion. Selected
structural parameters for 1: Dy–O = 2.2428(2) Å; O–Dy–O = 87.45(5),
92.55(5) and 180°; for 2: Yb–O = 2.2016(8) Å; O–Yb–O = 87.85(7), 92.15
(7), and 180°; for 3: Y–O = 2.2259(1) Å; O–Y–O = 87.60(4), 92.39(4), and
180°.

Scheme 2 Proton shuttle producing either H5O2
+ or H3O2

− counter
ions.
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seemingly second relaxation process in the high frequency
region could not be extracted considering two relaxation pro-
cesses in Cole–Cole fitting), using the generalized Debye func-
tion with a wide distribution of relaxation times (0.32 < α <
0.49 for 1 and 0.03 < α < 0.25 for 2). In the case of 1, the plot of
ln τ0 vs. 1/T contains two clear regimes: a strongly temperature-
dependent regime in the higher temperature range (3.0 K–
5.0 K) and a temperature-independent regime below 3.0 K. The
linear part in the high-temperature regime is fitted with the
Arrhenius law, τ = τ0 exp(Ueff/kBT ), yielding the thermal barrier
height of magnetization reversal, Ueff = 20.5 K and τ0 = 2.5 ×
10−15 s. The temperature dependence of τ has been modelled
with QTM, direct, Raman and Orbach processes using the
equation: τ−1 = τQTM

−1 + AT + CTn + τ0
−1 exp(−Ueff/kBT ). Best

fitting of relaxation time over the whole temperature range
using multiple relaxation processes indicates that the relax-
ation occurs via Orbach, Raman and QTM processes with the
value of the Raman exponent n = 4 and C = 0.5 s−1 K−3

(Fig. 2c). To examine whether the magnetisation relaxation is
purely molecular in origin or not, an approximately 20%

diluted sample of 1 in the matrix of 3 was synthesized (con-
firmed by ICP-AES, see the ESI†) and both dc and ac magnetic
susceptibility measurements were investigated (Fig. S30–S32†).
The compound, 1Y, shows that it relaxes through a single relax-
ation process with Ueff = 17.2 K and τ0 = 3.04 × 10−8 s.
Interestingly, the second unresolvable relaxation process in the
pristine 1, which might be due to dipolar interactions, is sup-
pressed in 1Y as only one relaxation is present in the latter
case. The barrier height of 1Y is close to that of 1, confirming
that the single-ion magnetism of 1 is purely molecular in
origin.

In the case of 2, the Arrhenius fit to the linear part of the
ln τ vs. 1/T plot in the high-temperature regime yields Ueff =
33.8 K and τ0 = 1.3 × 10−17 s. Several attempts were carried out
to fit the non-linear Arrhenius plot. The plot is best fitted by
only considering the direct and Raman processes (A = 47.0 s−1

K−1, C = 0.057 s−1 K−n and n = 8.1), which eliminates the pres-
ence of the Orbach process in the relaxation dynamics of 2.
The individual contributions of the Raman and direct pro-
cesses over the whole temperature range are understood by
plotting the individual parameters (Fig. 2d). This demonstrates
that the Raman process dominates in the high-temperature
region (3.0–5.5 K) while the direct process is dominant in the
low-temperature region (1.8–2.0 K). The dominance of the
Raman and direct processes over other processes like Orbach
and QTM in the relaxation dynamics of Yb(III) based SMMs has
been previously observed.38

To further investigate the origin of magnetic anisotropy in
complexes 1 and 2, we have performed ab initio CASSCF/
RASSI-SO/SINGLE_ANISO calculations using MOLCAS8.2. The
computed magnetic anisotropy axis of KD1 is found to be
oriented along the C3 axis which is formed by the OvP groups
in both complexes (Fig. 3 and S23†). The calculations reveal
strong transverse anisotropy in the KD1 (Kramers doublet) of
both complexes (1: gxx = 9.709, gyy = 8.971 and gzz = 0.330, 2:
gxx = 3.318, gyy = 3.294 and gzz = 1.467, Tables S8 and S9†),
leading to strong QTM in the ground state. This implies field-
induced SIM behaviour in 1 and 2, consistent with experi-

Fig. 2 Frequency dependent out-of-phase (χ’’) ac susceptibility signals
for (a) 1 and (b) 2 under applied fields of 600 Oe and 1250 Oe, respect-
ively. Arrhenius plot of ln τ versus 1/T for (c) 1 and (d) 2. Red lines rep-
resent the best fit by considering the indicated relaxation processes;
green, blue, black and purple lines represent data fits by considering the
individual contribution from Orbach, QTM, Raman and direct process,
respectively.

Fig. 3 The magnetic anisotropy axis of complex 1. Colour code: Dy –

purple, O – red, P – green, C – grey, H – white.
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mental results. The eight KDs generated from 6H15/2 span
around 821.3 cm−1 in 1 while four KDs from 2F7/2 span around
540.7 cm−1 in 2 (Tables S8 and S9†). The ground KD of 1 pos-
sesses strong mixing between mJ = |±7/2>, |±5/2> and |±1/2>
while the same for 2 shows strong mixing between mJ = |±7/2>
and |±5/2>, leading to strong QTM (Fig. 4 and S23†).
Compared to the Dy complex, the Yb analogue shows less
mixing between mJ states leading to smaller QTM in 2 com-
pared to 1. We have also computed the crystal field parameter

according to Stevens Hamiltonian ĤCF ¼ P6

k¼2

Pk

q¼�k
Bk

qÕk
q, where

Bk
q is the crystal field parameter and Õk

q is the Stevens oper-
ator39 (Table S10†). The large negative value of B2

0 represents
significant magnetic axiality in 2 while it becomes positive in
1, implying reduced magnetic axiality in 1 compared to 2
(Table S10†). This is also reflected in the higher Ueff of 2 com-
pared to 1. The KD1–KD2 energy gap is estimated to be 34.6
and 157.4 cm−1 for 1 and 2, respectively. This value is slightly
overestimated compared to Ueff in 1 but strongly overestimated
in 2. The overestimation of Ucal compared to Ueff is common in
Yb(III) based SIMs17,40–42 and can be explained by the neglect of
metal–ligand covalency, which increases from left to right
across the lanthanide series. Furthermore, the computed mag-
netic susceptibility and magnetization were found to agree well
with experiment for 1 but deviate significantly from experiment
for 2 (Fig. S17–18 and S24†). This can be ascribed to the
inherent issues with the method for the Yb(III) ion as the
inclusion of dynamic correlation by means of CASPT2 calcu-
lations on a few Yb(III) complexes reported by us earlier shows
significant deviation of computed data from experiment.16

However, to investigate the origin of the magnetic anisotropy,
we have analysed the LoProp charges of complexes 1 and 2.
Quite interestingly, it has been found that the LoProp charge of
one metal-coordinated oxygen atom is different from the others
in both 1 and 2 (Table S11 and Fig. S25†). This creates an asym-
metric charge distribution around the metal atom, leading to
the field-induced SIM behaviour for complexes 1 and 2.

To conclude, we have synthesized two Ln-organophosphates
exhibiting nearly ideal octahedral ligand fields around oblate

Dy(III) and prolate Yb(III) ions. Ab initio calculations have been
employed to uncover the prime cause of the unexpected mag-
netic behaviour, confirming the presence of strong transverse
anisotropy due to the asymmetric charge distribution around
Ln(III) ions.
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