
Exploring the Influence of Diamagnetic Ions on the Mechanism of
Magnetization Relaxation in {CoIII

2Ln
III
2} (Ln = Dy, Tb, Ho) “Butterfly”

Complexes
Kuduva R. Vignesh,† Stuart K. Langley,‡ Keith S. Murray,*,§ and Gopalan Rajaraman*,∥

†IITB-Monash Research Academy, Indian Institute of Technology Bombay, Powai, Mumbai 400076, India
‡School of Science and the Environment, Division of Chemistry, Manchester Metropolitan University, Manchester M15 6HB, U. K.
§School of Chemistry, Monash University, Clayton, Victoria 3800, Australia
∥Department of Chemistry, Indian Institute of Technology Bombay, Powai, Mumbai 400076, India

*S Supporting Information

ABSTRACT: The synthesis and magnetic and theoretical studies of three
isostructural heterometallic [CoIII2Ln

III
2(μ3-OH)2(o-tol)4(mdea)2(NO3)2] (Ln =

Dy (1), Tb (2), Ho (3)) “butterfly” complexes are reported (o-tol = o-toluate,
(mdea)2− = doubly deprotonated N-methyldiethanolamine). The CoIII ions are
diamagnetic in these complexes. Analysis of the dc magnetic susceptibility
measurements reveal antiferromagnetic exchange coupling between the two LnIII

ions for all three complexes. ac magnetic susceptibility measurements reveal
single-molecule magnet (SMM) behavior for complex 1, in the absence of an
external magnetic field, with an anisotropy barrier Ueff of 81.2 cm−1, while
complexes 2 and 3 exhibit field induced SMM behavior, with a Ueff value of 34.2
cm−1 for 2. The barrier height for 3 could not be quantified. To understand the
experimental observations, we performed DFT and ab initio CASSCF+RASSI-SO
calculations to probe the single-ion properties and the nature and magnitude of
the LnIII−LnIII magnetic coupling and to develop an understanding of the role the
diamagnetic CoIII ion plays in the magnetization relaxation. The calculations were able to rationalize the experimental relaxation
data for all complexes and strongly suggest that the CoIII ion is integral to the observation of SMM behavior in these systems.
Thus, we explored further the effect that the diamagnetic CoIII ions have on the magnetization blocking of 1. We did this by
modeling a dinuclear {DyIII2} complex (1a), with the removal of the diamagnetic ions, and three complexes of the types
{KI

2Dy
III
2} (1b), {ZnII2Dy

III
2} (1c), and {TiIV2Dy

III
2} (1d), each containing a different diamagnetic ion. We found that the

presence of the diamagnetic ions results in larger negative charges on the bridging hydroxides (1b > 1c > 1 > 1d), in comparison
to 1a (no diamagnetic ion), which reduces quantum tunneling of magnetization effects, allowing for more desirable SMM
characteristics. The results indicate very strong dependence of diamagnetic ions in the magnetization blocking and the magnitude
of the energy barriers. Here we propose a synthetic strategy to enhance the energy barrier in lanthanide-based SMMs by
incorporating s- and d-block diamagnetic ions. The presented strategy is likely to have implications beyond the single-molecule
magnets studied here.

■ INTRODUCTION

Lanthanide ions have begun to overshadow d-block transition
metals in the development of new molecular magnetic
materials, such as single-molecule magnets (SMMs).1 Primarily,
the trivalent ions of dysprosium and terbium have been
extensively used in the syntheses of new SMMs2 because of the
strong anisotropy provided by these ions.3 SMM behavior has
generated great interest due to the physical properties linked
with magnetic hysteresis and quantum tunneling of magnet-
ization (QTM), with potential applications in high-density
information storage devices,4 as Qubits5 and “Spintronic”
devices.5a,6 The great shift toward lanthanide-based SMMs is a
result of the observation of extremely large anisotropy barriers,7

the magnitudes of which are significantly larger than what has
previously been observed for polynuclear 3d clusters.6,8 The

anisotropy barrier (Ueff) is the energy required to “flip” the
orientation of the magnetic moment and return to thermal
equilibrium in the ground magnetic microstates. With such
large energy barriers, one would expect to store digital
information at temperatures much greater than those currently
possible (blocking temperatures of 14 and 30 K9,10); however,
this has not materialized due to fast QTM which shortcuts the
barrier, resulting in “fast” magnetization reversal. Most
lanthanide-based SMMs reported in the literature use DyIII

and TbIII because these ions have a large magnetic anisotropy
and a lower tendency to exhibit QTM, in comparison to other
lanthanide ions. To limit QTM further, strong magnetic

Received: November 9, 2016
Published: February 17, 2017

Article

pubs.acs.org/IC

© 2017 American Chemical Society 2518 DOI: 10.1021/acs.inorgchem.6b02720
Inorg. Chem. 2017, 56, 2518−2532

D
ow

nl
oa

de
d 

vi
a 

IN
D

IA
N

 I
N

ST
 O

F 
T

E
C

H
N

O
L

O
G

Y
 B

O
M

B
A

Y
 o

n 
O

ct
ob

er
 2

0,
 2

02
0 

at
 1

3:
57

:0
7 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

pubs.acs.org/IC
http://dx.doi.org/10.1021/acs.inorgchem.6b02720


exchange interactions between polynuclear 4f complexes are
favorable and/or the synthesis of 4f single ion sites which
display an Ising type magnetic anisotropy, with a minimal
transverse component. A representative example of the former,
a {Tb2} complex, displays a Ueff value of 226 cm−1 and
magnetic hysteresis up to temperatures as high as 14 K,9a while
an example of the latter is the report of a pseudo-D5h-symmetry
DyIII complex exhibiting very large magnetic blocking temper-
atures and negligible transverse terms in both the ground and
the first excited states.10

Recently, heterometallic 3d/4f complexes have been actively
studied as an alternative to pure 4f coordination complexes.
This area of active research has arisen from recent experimental
data which indicate that two separate synthetic strategies can be
considered. The first approach uses paramagnetic 3d transition-
metal ions, taking advantage of the combination of the large
spin of 3d ions with the spin/anisotropy of the 4f ions.11 More
importantly, the 3d ions offer the potential to provide stronger
magnetic exchange interactions than are possible for pure
polynuclear 4f complexes. Such 3d−4f magnetic exchange
interactions have been shown to significantly reduce QTM, and
using 3d ions such as CrIII,12 FeIII,13 MnIII,14 and NiII 15 have
provided heterometallic 3d−4f SMMs with long relaxation
times (>100 s) up to 4.7 K.12a The second approach utilizes
diamagnetic ions in conjunction with LnIII ions. It has been
shown that these cations influence the electron density
distribution of surrounding coordinating ligands, thus affecting
the electronic structure and the single-ion magnet properties of
the LnIII ion. Systems such as {ZnIIDyIII}16 have provided clear
evidence that positively charged diamagnetic ions can help
stabilize an Ising-type anisotropy for the 4f ion. This strategy
has successfully been employed toward the isolation of several
DyIII SMMs with attractive barrier heights.16

On the basis of the diamagnetic ion approach, one can
assume that the CoIII ion with a low-spin d6 electron
configuration is an ideal candidate to stabilize heterometallic
3d−4f complexes, containing a highly charged diamagnetic ion.
Some of us have already reported a family of tetranuclear
{CoIII2Ln

III
2} SMMs, where the SMM behavior is influenced by

the ligand environment surrounding the DyIII ion. The energy
barrier in these complexes were found to range from 14 to 170
K depending on the ligands utilized in the synthesis of each
complex.17 Previous studies on these systems focused heavily
on the effect of the ligand; however, no studies have been made
to probe the influence/importance of the diamagnetic ion on
these SMMs, and in particular how the relaxation can be
affected by different diamagnetic ions. In this report we have
synthesized a new family of heterometallic {CoIII2Ln

III
2} (Ln =

Tb, Dy, Ho) complexes using the ligands N-methyldiethanol-
amine (mdeaH2) and o-toluic acid (o-tolH). The complexes are
o f g e n e r a l f o rmu l a [Co I I I

2 L n
I I I

2 (μ 3 -OH) 2 ( o -
tol)4(mdea)2(NO3)2] (Ln = Dy (1), Tb (2), Ho (3)), each
containing a diamagnetic CoIII ion. We report the synthesis and
magnetic properties, provide an ab initio and density functional
theory (DFT) theoretical description of the three complexes,
and explore the effect the diamagnetic CoIII ion has on the
energy barrier to magnetic reversal.

■ EXPERIMENTAL SECTION
General Information. All reactions were carried out under aerobic

conditions. Chemicals and solvents were obtained from commercial
sources and used without further purification.

Synthesis of [CoIII
2Dy

III
2(μ3-OH)2(o-tol)4(mdea)2(NO3)2] (1).

Co(NO3)2·6H2O (0.29 g, 1 mmol) and Dy(NO3)3·6H2O (0.22 g,
0.5 mmol) were dissolved in MeCN (20 mL), followed by the addition
of N-methyldiethanolamine (0.1 mL, 1 mmol), o-toluic acid (0.14 g,
1.0 mmol), and triethylamine (0.55 mL, 4.0 mmol), which resulted in
a dark green solution. This solution was stirred for 4 h, after which the
solvent was removed, resulting in a green oil. The oil was redissolved
in MeOH/iPrOH (1/1) and layered with diethyl ether (Et2O). Within
8−10 days, green crystals of 1 had appeared, in approximate yield of
65% (crys ta l l ine product) . Ana l . Ca lcd ( found) for
Co2Dy2C42H52N4O20: C, 36.67 (36.86); H, 3.81 (3.86); N, 4.07
(4.32).

Synthesis of [CoIII
2Tb

III
2(μ3-OH)2(o-tol)4(mdea)2(NO3)2] (2).

The synthesis for 1 was followed, but Tb(NO3)3·6H2O (0.17 g, 0.5
mmol) was used in place of Dy(NO3)3·6H2O. Dark green crystals of 2
appeared within 10−15 days, in an approximate yield of 47%
(crystalline product). Anal. Calcd (found) for Co2Tb2C42H52N4O20:
C, 36.86 (36.34); H, 3.83 (3.67); N, 4.09 (4.23).

Synthesis of [CoIII
2Ho

III
2(μ3-OH)2(o-tol)4(mdea)2(NO3)2] (3).

The synthesis for 1 was followed, but Ho(NO3)3·6H2O (0.22 g, 0.5
mmol) was used in place of Dy(NO3)3·6H2O. Dark green crystals of 3
appeared within 10−12 days, in an approximate yield of 52%
(crystalline product). Anal. Calcd (found) for Co2Ho2C42H52N4O20:
C, 36.53 (36.71); H, 3.80 (3.93); N, 4.06 (4.11).

X-ray Crystallography. Single-crystal X-ray diffraction measure-
ments for 1 and 2 were performed at 100(2) K at the Australian
synchrotron MX1 beamline.18 Data collection and integration were
performed with Blu-Ice19 and XDS20 software programs. Compounds
1 and 2 were solved by direct methods (SHELXS-97)21 and refined
(SHELXL-97)22 by full least-matrix least-squares on all F2 data.23

Crystallographic data and refinement parameters for 1 and 2 are
summarized in Table S1 in the Supporting Information. CCDC
numbers 1510217 (1) and 1510218 (2) contain crystallographic data;
these data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif. Powder X-ray diffraction measurements were performed for
complex 3 and were measured on a Bruker X8 Focus powder
diffractometer using the Cu Kα wavelength (1.5418 Å). The samples
were mounted on a zero-background silicon single-crystal stage. Scans
were performed at room temperature in the 2θ range 5−55° and
compared with predicted patterns on the basis of low-temperature
single-crystal data.

Magnetic Measurements. Magnetic susceptibility measurements
were carried out on a Quantum Design MPMS-XL 7 SQUID
magnetometer, which was operated between 1.8 and 300 K for dc-
applied fields that range from 0 to 5 T. Microcrystalline samples were
dispersed in Vaseline in order to avoid torquing of the crystallites. The
sample mulls were contained in a calibrated gelatin capsule held at the
center of a drinking straw that was fixed at the end of the sample rod.
Alternating current (ac) susceptibilities were carried out under an
oscillating ac field of 3.5 Oe with frequencies ranging from 0.1 to 1500
Hz.

Computational Details. Ab Initio Calculations. Using MOLCAS
7.8,24 ab initio calculations were performed on the trivalent lanthanide
ions Dy, Tb, and Ho, using the single-crystal structural data. In
complexes 1−3, the anisotropy of a single LnIII ion was calculated on
the basis of the X-ray determined geometry and by replacement of the
neighboring LnIII ion with a diamagnetic LaIII ion. Relativistic effects
are taken into account on the basis of the Douglas−Kroll
Hamiltonian.25 The spin-free Eigen states were achieved by the
complete active space self-consistent field (CASSCF) method.26 We
have employed the [ANO-RCC...8s7p5d3f2g1h] basis set27 for Dy,
Tb, and Ho atoms, the [ANO-RCC...3s2p] basis set for C atoms, the
[ANO-RCC...2s] basis set for H atoms, the [ANO-RCC...3s2p1d]
basis set for N atoms, the [ANO-RCC...5s4p2d] basis set for Co, K,
Zn, and Ti atoms, and the [ANO-RCC...3s2p1d] basis set for O atoms.
The CASSCF calculations that were performed included 9 electrons
across 7 4f orbitals of the Dy3+ ion, 8 electrons across 7 4f orbitals of
the Tb3+ ion, and 10 electrons across 7 4f orbitals of the Ho3+ ion in
1−3, respectively. With this active space, 21 roots in the configuration
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interaction (CI) procedure were computed for complex 1. We also
considered 7 septet excited states, 140 quintet excited states, and 195
triplet excited states for complex 2 and 35 quintet excited states, 210
triplet excited states, and 195 singlet excited states for complex 3 in the
calculations to compute the anisotropy.
After computing these excited states, we mixed all roots using

RASSI-SO;28 spin−orbit coupling is considered within the space of the
calculated spin-free eigenstates for 2 and 3. Moreover, these computed
SO states have been considered into the SINGLE_ANISO29 program
to compute the g tensors. The anisotropic g tensors for the DyIII ion,
the TbIII ion, and the HoIII ion have been computed with 8, 7, and 11
low-lying doublets. Cholesky decomposition for 2-electron integrals
has been employed throughout our calculations. Crystal-field
parameters have been extracted using the SINGLE_ANISO code, as
implemented in MOLCAS 7.8. The exchange interactions have been
computed between the LnIII ions within each complex by fitting with
the experimental data using the Lines model and employing the
POLY_ANISO module.30

In addition to studying complexes 1−3, we have modeled a
dinuclear {DyIII2} unit using the crystal structure of 1 to explore the
effect the diamagnetic CoIII ions have on magnetization blocking of 1.
The structure of the model complex is reported as 1a. Furthermore,
we have modeled three further complexes, {KI

2Dy
III

2} (1b),
{ZnII2Dy

III
2} (1c), and {TiIV2Dy

III
2} (1d), using the X-ray structure

of 1 by replacing the CoIII ions with KI, ZnII, and TiIV ions,
respectively, to explore the effect that other cationic diamagnetic ions
of varying charge have on the magnetic properties and how they
compare with the tricationic diamagnetic ion (CoIII) in magnetization
blocking.
Density Functional Theory Calculations. The exchange interaction

between LnIII ions has been validated using the density functional
theory (DFT) method by replacing the DyIII ions with GdIII (1e) ions
and keeping the positions of the other atoms the same as those
determined by the X-ray structure of 1. The DFT method has also
been utilized to predict the Mulliken spin charges of the modeled
structures {GdIII2} (1f), {KI

2Gd
III
2} (1g), {ZnII2Gd

III
2} (1h), and

{TiIV2Gd
III
2} (1i). The DFT calculations combined with the broken

symmetry (BS) approach31 has been employed to compute the J value
of these complexes. The BS method has a proven record of yielding
good numerical estimates of J constants for a variety of complexes32

such as dinuclear33 and polynuclear complexes.14c,32a,34 The DFT
calculations were performed using the B3LYP functional35 with the
Gaussian 09 suite of programs.36 We have employed the double-ζ
quality basis set that employs the Cundari−Stevens (CS) relativistic
effective core potential on the Gd atom37 and Ahlrich’s38 triple-ζ-
quality basis set for the rest of the atoms. The following Hamiltonian
was used to estimate the exchange interaction (J) in 1c:

̂ = −H J S S2 ( )Gd1 Gd2 (1)

The computed exchange coupling constants for the GdIII−GdIII pair
was rescaled to the spin of the DyIII ion by multiplying them by the
spin of DyIII (S = 5/2) and dividing by the spin of GdIII (S = 7/2).12b

Similarly, the GdIII−GdIII pair was rescaled for the Tb ion (S = 3) and
the Ho ion (S = 2). The resultant J values are in good agreement with
the fitted values.

■ RESULTS AND DISCUSSION
Syntheses and Crystal Structures. The reaction of

Co(NO3)2·6H2O and Ln(NO3)3·6H2O (Ln = Dy, Tb, Ho)
with mdeaH2 and o-toluic acid in acetonitrile, followed by the
removal of the solvent and redissolution in MeOH/iPrOH (1/
1), yielded green crystals from the solution when it was layered
with diethyl ether (Scheme 1). Analysis of the single-crystal X-
ray data revealed a family of tetranuclear butterfly complexes of
general formula [CoIII2Ln

III
2(μ3-OH)2(o-tol)4(mdea)2(NO3)2]

(Ln = Dy (1), Tb(2), Ho (3)). This family of complexes is a
variation of previously reported {CoIII2Ln

III
2} butterfly

complexes.17,39 Two [μ3-OH]
− bridging ligands are now

present in place of [μ3-OMe]−, a consequence of the choice
of solvent used for crystallization, and o-toluic acid was used for
the first time as the choice of carboxylic acid.
Compounds 1 and 2 are isostructural (see Table S1 in the

Supporting Information for crystallographic details of 1 and 2);
however, single crystals suitable for X-ray diffraction could not
be obtained for 3 and therefore the isostructural nature and
purity of 3 were determined by powder X-ray diffraction
(Figure S1 in the Supporting Information). A description of the
DyIII analogue 1 will be given here and is representative of 1−3.
Complex 1 (Figure 1) is a heterometallic tetranuclear complex

that crystallizes in the triclinic space group P1 ̅; the asymmetric
unit contains half of the complex, which lies upon an inversion
center. The metallic core consists of two CoIII and two DyIII

ions, displaying a planar “butterfly” (or diamond) motif. The
DyIII ions occupy the body positions and the CoIII ions the
outer wingtips (Figure 1). The core is stabilized by two μ3-
hydroxide ligands, both bridging to two DyIII ions and one CoIII

ion. Around the periphery of the cluster, there are four o-toluate
ligands, bridging a CoIII to a DyIII ion. There are also two
doubly deprotonated (mdea)2− ligands, with the N atom
coordinating to an outer CoIII ion and with the two O atoms
bridging from the CoIII to the body DyIII ions. Both DyIII ions
are chelated by a (NO3)

− ligand through two O atoms. The
two CoIII ions are six-coordinate with octahedral geometries,

Scheme 1. Reaction Scheme Used To Isolate Tetranuclear
Compounds 1−3

Figure 1. Molecular structure of complex 1. The solvent and H atoms
are omitted for clarity. Color scheme: CoIII, sky blue; DyIII, green; O,
red; N, blue; C, light gray. Complexes 2 and 3 are isostructural with 1,
with the TbIII and HoIII ions replacing the DyIII sites.
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and the two DyIII ions are eight-coordinate with distorted-
square-antiprismatic geometries, as identified using the SHAPE
program (see the theoretical section below).40 The packing
diagrams of 1 and 2 reveal offset aromatic π−π intercluster
interactions (highlighted by the dashed lines in Figure S2 in the
Supporting Information).
Magnetic Properties. Direct Current Magnetic Suscept-

ibility Measurements. The variation of the direct current (dc)
magnetic susceptibility product χMT versus temperature for
complexes 1−3 is shown in Figure 2. The room temperature

χMT values of 28.14, 23.68, and 28.22 cm3 K mol−1 for 1−3,
respectively, are in good agreement with the values expected for
two DyIII (S = 5/2, L = 5, 6H15/2, g = 4/3, C = 14.17 cm3 K
mol−1), two TbIII (S = 3, L = 3, 7F6, g = 3/2, C = 11.82 cm3 K
mol−1), and two HoIII (S = 2, L = 6,5I8, g = 5/4, C = 14.075 cm3

K mol−1) ions, of 28.34, 23.64. and 28.15 cm3 K mol−1,
respectively. The decrease in the χMT product (at Hdc = 1 T)
for 1−3, from room temperature to 1.8 K, is indicative of the
presence of thermal depopulation of the LnIII mJ levels,
combined perhaps with weak antiferromagnetic interactions
between the LnIII ions (see later for the analysis of the LnIII−
LnIII magnetic exchange interaction). The isothermal magnet-
ization M vs H plots reveal similar profiles (Figure S3 in the
Supporting Information) for 1 − 3, with a rapid increase in
magnetization below 2 T, before following a more gradual
linearlike increase, without saturating, thus signifying that a
significant anisotropy and/or low-lying excited states are
present.
Alternating Current Magnetic Susceptibility Measure-

ments. Alternating current (ac) magnetic susceptibility experi-
ments were performed to investigate the dynamics of relaxation
of the magnetization. Measurements for compound 1 were
implemented in an ac magnetic field of 3.5 Oe, oscillating at
frequencies ranging from 0.1 to 1500 Hz and at temperatures
between 2 and 17 K. The plot of χM″ versus frequency (ν)
reveals temperature-dependent out-of-phase (χM″) suscepti-
bility signals, confirming the presence of slow relaxation of the
magnetization for 1, and SMM behavior (Figure 3, top). Peak
maxima are observed for χM″ between 2 and 8 K which are
found to be temperature dependent over the entire frequency
range. From these data, magnetization relaxation times (τ) are
extracted. From the frequency-dependent behavior, it was
found that the relaxation follows a thermally activated
mechanism above 6 K, and the plot of ln τ vs 1/T is shown

in Figure 3, bottom. Below 5.5 K, the plot deviates from
linearity, indicating that QTM and possibly other relaxation
mechanisms are becoming active. It is found at 2 K that the
relaxation becomes close to being independent of temperature,
indicating a crossover to a pure quantum tunneling mechanism
of relaxation. The magnetic relaxation data were modeled using
various relaxation processes, with the following general
equation employed:10,41

τ τ τ= + + + − U k T1/ 1/ AT CT exp( / )n
QTM 0

1
eff B

where the first term corresponds to the relaxation process via a
quantum tunneling pathway, the second term models the direct
process, the third term corresponds to relaxation via a Raman
process, and the fourth term accounts for the Orbach relaxation
pathway. Many fits were attempted using a number of variable
parameters in the equation. The linear fit (indicated by a solid
green line) corresponds exclusively to the Orbach relaxation
pathway. The best fit for the Arrhenius plot could be obtained
by considering the Orbach and Raman relaxation process, with
the value of the Raman exponent n being closer to 6. The
values obtained from the best fit are n = 6.6 (T), C = 0.00013
s−1 K−3 (T), Ueff = 116.9 (2) K (81.2 cm−1), and τ0 = 9.8 ×
10−9 s (R2 = 0.9997). This result indicates a large barrier to
thermal relaxation, with a pre-exponential factor of between
10−6 and 10−11 s, which is consistent with that expected of an
SMM.2 A QTM relaxation time, τQTM, of 0.34 s is estimated.
The Cole−Cole plots of χM′ versus χM″ data reveal semicircular

Figure 2. Plots of χMT versus T plots for 1−3 (dotted line). The solid
lines are fits of the data using the Lines model employing the
POLY_ANISO program.

Figure 3. (top) Frequency dependence of χM″ for 1 in a zero applied
dc field, with an ac magnetic field of 3.5 Oe. (bottom) Magnetization
relaxation time (τ), plotted as ln τ versus T−1 for compound 1. The
solid green line corresponds to fitting of the Orbach relaxation process,
and the solid blue line represents the fitting to multiple relaxation
processes. The horizontal red line represents the QTM relaxation time.
(bottom inset) Cole−Cole plots between 2 and 9 K.
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profiles indicating a single relaxation process at temperatures
2−9 K (Figure 3, bottom inset).
ac magnetic measurements for the isostructural analogues 2

and 3 reveal an absence of out-of-phase susceptibility peaks in a
zero static dc field but show out-of-phase (χM″) susceptibility
signals in the presence of applied static dc fields of 5000 and
2000 Oe, respectively (Figure 4, left, and Figure S4 in the
Supporting Information). The absence of SMM behavior in
zero magnetic field is attributed to fast QTM. This relaxation
pathway can, to some extent, be suppressed upon the
application of a static dc magnetic field, which is observed for
2 and 3, allowing for the observation of the thermally activated

relaxation mechanism. Analysis of the relaxation data for 2
revealed that the plot of ln τ vs 1/T is linear above 3.1 K, before
deviating from linearity below these temperaturescrossing
over from a thermally activated process to a quantum tunneling
relaxation regime (Figure 4, right). Fitting to the Arrhenius law
(τ = τ0 exp(Ueff/kBT)) afforded values of Ueff = 49.2 K (34.2
cm−1) and τ0 = 6.6 × 10−11 s (R2 = 0.9153).
The anisotropy barrier of 1 (81.2 cm−1/116.9 K) falls within

the range of that previously reported for {CoIII2Dy
III
2} butterfly

complexes (14−170 K).17 The loss of SMM behavior for 2 and
3 in a 0 Oe dc field is a common problem for non-Kramers ions
such as TbIII and HoIII and is a problematic finding, as it

Figure 4. (left) Plot of χM″ versus T at the frequencies indicated for 2, with Hdc = 5000 Oe. (right) Magnetization relaxation time (τ), plotted as ln τ
versus T−1 for compound 2 from the ac data provided on the left.

Figure 5. Modeled structures of complexes (a) 1a, (b) 1b, (c) 1c, and (d) 1d. Most of the H atoms are omitted for clarity. Color scheme: DyIII,
green; KI, dark blue; ZnII, sky blue; TiIV, pale violet; O, red; N, blue; C, light gray; H, yellow. The dotted violet lines are the gzz directions of Dy

III

ions.
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precludes the use (in most cases) of the extremely large
anisotropy both these ions possess.42 To understand the loss of
slow magnetic relaxation, we have performed ab initio
calculations to probe the electronic structures of 1−3. Further,
we have used ab initio methods to probe the role the CoIII ion
plays in the stabilization of the slow magnetic relaxation of 1.
After recently investigating the influence of diamagnetic 3d ions
on the SMM properties of heterometallic 3d−4f complexes, we
found that the diamagnetic ion has a significant influence on
the electronic structure of the LnIII ion(s) and thus on the
magnetic relaxation behavior.16d In our previous {CoIII2Ln

III
2}

work we assumed that the diamagnetic CoIII ions did not
contribute to the slow magnetic relaxation behavior of the
complex.17 However, in the light of recent findings we have
hypothetically probed the electronic structure of 1 in the
absence of the two CoIII ions to see how these ions influence
the SMM behavior. Furthermore, we have also investigated
what effect replacing the tricationic diamagnetic CoIII ion with
monocationic K+, dicationic ZnII, and tetracationic TiIV

diamagnetic ions have on the SMM behavior/properties. As
noted above, we have labeled these model structures as 1a (no
diamagnetic ion), 1b (K+ ions), 1c (ZnII ions), and 1d (TiIV

ions) (Figure 5).
Anisotropy Calculations. Ab initio calculations on

complexes 1−3 were performed with the MOLCAS 7.8
program24 of the CASSCF/RASSI-SO/SINGLE_ANISO
type. Calculations for 1 and 2 were computed using their X-
ray structures, while for complex 3, the X-ray structure of
complex 2 was utilized. In all of these calculations the
neighboring LnIII ion was computationally substituted by a
diamagnetic LaIII ion. Because the CoIII ions are diamagnetic
(1−3), these were not altered in all calculations (see
Computational Details). Initially, a relaxation mechanism
based on the single-ion anisotropy of the lanthanide ions will
be discussed, and this will be followed by the analysis of the
dinuclear framework, incorporating the weak magnetic
exchange coupling between the two LnIII centers. At very low
temperatures, the coupled systems are likely to give a realistic
picture; however, at higher temperatures, where the thermal
energies are much greater than the exchange coupling, one can
expect the relaxation from individual LnIII ions to be
operational.
ac magnetic susceptibility measurements reveal SMM

behavior for complex 1 and the possibility of SMM behavior
for 2 and 3. As slow magnetic relaxation behavior often
originates from the anisotropy of the individual LnIII ions, we
have quantitatively explored the anisotropy of both LnIII centers
in 1−3 using ab initio methods. The coordination environment
and geometry of each individual LnIII ion were probed using the
SHAPE program,40 which revealed that the LnIII ions are in a
similar environment for each complex. The coordination
geometry is best described by a square antiprism. Minor
deviations of 2.0 for the DyIII ions in 1 and 2.1 for TbIII ions in
2 are observed with respect to the square antiprism. The
calculated electronic and magnetic properties of both LnIII ions
suggest that the local g tensors in the ground Kramers doublet
(KDs) for 1 and ground Ising doublets (2 and 3) are strongly
axial, revealing a large gz value (see Table 1 and Table S3 in the
Supporting Information), suggesting that the single-ion
anisotropy can lead to the slow magnetic relaxation in 1−3.
The orientations of the main anisotropy axes in the ground
doublets for 1−3 are shown in Figure 6. It is found that the
directions of the main anisotropy axes in 1 are parallel to the

Co···Co vector, lying approximately in the direction of the O−
Dy−O bond (methoxy O atoms of the mdea2− ligands), tilted
by 24.1° from the O−Dy−O bond vector. However, in
complexes 2 and 3, the gzz axes are found to deviate
significantly from the Co···Co vector and lie in the direction
of the Oo‑tol−TbIII and Oo‑tol−HoIII bonds. For complex 3 the
orientations of the anisotropy axes of each individual HoIII ion
are found to be different, and this is reflected in the computed g
anisotropy.
The computed energy gap between the ground KDs or the

Ising doublets and the excited states are shown in Table 1 and
Table S2 in the Supporting Information. The presence of small
QTM (0.8 × 10−3 μB) at the ground state for both DyIII ions in
1 causes magnetic relaxation to occur via excited KDs. At the
first excited state, however, thermally activated QTM/Orbach
processes are operative and thus the magnetization relaxes back
to the ground state from the first excited state. The average of
the computed energies of the first excited Kramers doublet for
the two DyIII ions in 1 correlate to an energy barrier (Ueff) of
77.7 cm−1. This is in good agreement with the experimentally
determined barrier (81.2 cm−1), although the experimental
value is slightly greater than calculated which is probably due to
the exclusion of intermolecular and hyperfine interactions in
the calculation and the possibility of a non-Orbach relaxation
mechanism. A qualitative mechanism for the magnetic
relaxation for the two DyIII sites in 1 obtained from the ab
initio calculations is shown in Figure 7. For complexes 2 and 3,
however, we discover from the calculations that the tunneling
gap between the ground-state single-ion TbIII and HoIII sites are
very large: ∼0.18 cm−1 (for 2) and 2.8−4.5 cm−1 (for 3) (see
Table 1). This supports the experimental absence of SMM
behavior from the ac measurements in zero dc field for 2 and 3.
The application of a dc field can lift the degeneracy of the Ising
doublets and quench QTM to a certain extent. This is found to
be the case from the experiments. As the tunnel splitting
parameter in complex 3 (2.8−4.5 cm−1) is one order of

Table 1. Low-Lying Energies (cm−1) and g Tensors of the
LnIII Fragments That Originate from the Corresponding
Ground Atomic Multiplet in 1−3

energy

1 2 3

Dy1 Dy2 Tb1 Tb2 Ho1 Ho2

0.000 0.000 0.000 0.000 0.000 0.000
77.518 77.944 0.180 0.180 4.496 2.803
187.362 188.428 138.003 138.003 30.500 21.383
245.927 247.047 143.825 143.825 47.445 35.528
273.979 275.357 224.498 224.498 66.331 81.147
350.793 351.836 275.607 275.607 97.271 112.692
414.201 415.025 301.178 301.178 109.880 128.906
675.248 675.816 430.456 430.456 155.589 181.827

432.902 432.902 161.296 189.002
586.366 586.366 194.535 209.606
586.853 586.853 210.938 220.977

g tensor

ground Kramers
doublet (1)

ground Ising doublet
(2)

ground Ising doublet
(3)

Dy1 Dy2 Tb1 Tb2 Ho1 Ho2

gx 0.0005 0.0004 0.0000 0.0000 0.0000 0.0000
gy 0.0043 0.0043 0.0000 0.0000 0.0000 0.0000
gz 19.9331 19.9282 17.2555 17.2515 16.1007 16.6344
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magnitude larger than that estimated for complex 2 (0.18
cm−1), it fits nicely with the experimental observation that
complex 2 exhibits maxima in the out-of-phase signal when a
moderate dc field is applied, whereas complex 3 does not.
The ground state Kramers doublet of the DyIII ions are

estimated to be pure mJ = ± 15/2 (gz ≈ 20). The TbIII ion
ground doublet is mJ = ± 6 (gz ≈ 18.0), and the HoIII ground
state resembles that of a mJ = ±7 state, as the computed
anisotropy is close to gz ≈ 17.5 but far from the pure mJ = ±8
state of gz ≈ 20. The computed Mulliken charges for complex 1
are shown in Figure 8a. Among all the coordinated atoms, the
largest charges are noticed on the μ2- and μ3-alkoxo oxygen
atoms connected to the CoIII ion. As the DyIII ion electron
density has an oblate shape, the β-electron density will lie
perpendicular to the direction of maximum electrostatic
repulsion, while the gzz axis lies along the atoms possessing

the “largest” charges. This rationalizes the observation of the
parallel gzz orientation observed in complex 1. The “larger”
charges found on the alkoxo oxygen atoms, in comparison to
other ligand O atoms, are due to their vicinity of the
diamagnetic CoIII ion, which polarizes the oxygen atoms. The
charge of the ligand donor atoms also influence the crystal field
splitting, with the first excited state found to be 77.5 cm−1

higher in energy.
As the electrostatic interactions are the same for the TbIII and

HoIII complexes, in comparison to 1, one can expect a similar
picture. However, TbIII is relatively more oblate than DyIII,
while HoIII is less oblate in comparison to DyIII.3a,43 This means
that the electrostatic repulsion of the strongly negative oxygen
atoms connected to the CoIII ion will have the strongest
influence on the electronic structure of the TbIII ions, followed
by DyIII, and have the weakest influence on the HoIII ions. This

Figure 6. Orientations of the local magnetic moments in the ground doublet of complexes (a) 1, (b) 2, and (c) 3. Blue arrows show the
antiferromagnetic coupling of the local magnetic moments of the LnIII ions in the ground state (vide infra).

Figure 7. Magnetization blocking barrier for (left) the Dy1 site (right) and the Dy2 site in 1 computed ab initio. The thick black line indicates the
Kramers doublets (KDs) as a function of computed magnetic moment. The green/blue arrows show the possible pathway through Orbach/Raman
relaxation. The dotted red lines represent the presence of QTM/TA-QTM between the connecting pairs. The numbers provided at each arrow are
the mean absolute values for the corresponding matrix element of the transition magnetic moment. The yellow curve indicates the most possible
relaxation pathway.
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is clearly reflected in the ground-state−first-excited-state energy
gaps, where the single-ion TbIII energy gap is calculated to be
138.0 cm−1, whereas the DyIII energy gap is approximately half
of this value at 77.5 cm−1, with the HoIII single-ion energy
splitting being the smallest at 30 cm−1. On the basis of this
evidence, one can expect SMM behavior with longer relaxation
times (at a fixed temperature) to be observed for the TbIII

complex, followed by the DyIII complex, and the HoIII complex
would have the fastest relaxation time if a thermally activated
process were favored. However, the magnetic relaxation in
lanthanide-based complexes is dominated by QTM relaxation
pathways and, as TbIII and HoIII are non-Kramers ions, the
tunneling, as indicated above, plays a prominent role in
quenching the magnetization blockade.
To understand the role of the magnetic exchange interaction

between the 4f ions in governing the magnetization relaxation,
we have analyzed the magnetic exchange using the POLY_-
ANISO routine.30 The exchange interactions were calculated
within the Lines model,44 which describes the exchange
coupling between the spin moments of magnetic sites in 1−
3. The calculations reproduce the susceptibility and magnet-
ization measurements well; fits of the magnetic data are shown
in Figure 2. The exchange parameters obtained are summarized
in Table 2. It was found that the LnIII−LnIII exchange
interactions for 1−3 are antiferromagnetic. To validate the
exchange coupling constants of the LnIII−LnIII pairs, we have
performed DFT calculations for the GdIII−GdIII pair (see
Computational Details). The calculations yielded antiferromag-

netic exchange interactions between the GdIII centers, with the J
value estimated to be −0.04 cm−1, which is in good agreement
with the value obtained from the Lines model.
The anisotropy barriers were then computed with the lowest

energy states of each LnIII ion, which were coupled using the
POLY_ANISO routine. The energies, the corresponding
tunneling gaps, and the gZ values of the lowest exchange-
coupled states of complexes 1−3 are given in Tables S5 and S6
in the Supporting Information. It is found that the computed
barrier energies of each complex correlate nicely with the
experimentally determined barriers. For complex 1, although
weak exchange introduces several low-lying states, the
relaxation is found to occur via excited states lying 78.2 cm−1

above the ground state, due to the tunneling of the
magnetization. The coupled state anisotropy barrier, Ucal =
78.2 cm−1, therefore agrees quite well with the experimentally
determined value of 81.2 cm−1 (see Figure 9a).
For complex 2, on the other hand, the magnetic exchange

interaction is not strong enough to quench the quantum

Figure 8. DFT-computed Mulliken charges on the donor atoms of complexes (a) 1, (b) 1a, (c) 1b, (d) 1c, and (e) 1d.

Table 2. Magnetic Exchange Interactions (cm−1) between
Magnetic Lanthanide Ions in 1−3

magnetic interaction (LnIII−LnIII)

calcd Jexch(DFT) Lines Jexch

1 −0.029 −0.05
2 −0.034 −0.042
3 −0.023 −0.012
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tunneling at the ground state, due to the significantly large
tunnel splitting still present (1.0 × 10−2 cm−1, but smaller than
the single ion splitting of 0.18 cm−1). This is significantly larger
than that seen in 1 (8.3 × 10−8 cm−1). However, the application
of a large dc field (5000 Oe) will result in a Zeeman splitting
greater than the tunnel splitting, leading to quenching of the
tunneling, at both the ground-state and first-excited-state levels,
to a certain extent. This will result in relaxation occurring via
excited states, up to 138.9 cm−1 above the ground state (see
Figure 9b). At the third excited state the tunneling splitting (6.9

× 10−2 cm−1) is very large; therefore, the magnetization
blockade is unlikely to go higher. The Ucal estimate of 138.9
cm−1 is, however, much larger than the experimentally
determined value of 34.2 cm−1. This discrepancy is due to
the fact that complete quenching of the tunneling at the ground
and first excited states is unlikely and other non-Orbach
mechanisms are also operational in reducing the barrier height.
For complex 3, on the other hand, the ground-state tunnel

splitting is still exceptionally high (2.67 cm−1), in comparison
to the single-ion relaxation mechanism (2.8−4.5 cm−1; see

Figure 9. Low-lying exchange spectra in (a) 1, (b) 2, and (c) 3. The exchange states are placed on the diagram according to their magnetic moments
(bold black lines). The red arrows show the tunneling transitions (energy splitting) within each doublet state, while the green/blue arrows show the
possible pathway through Orbach/Raman relaxation. The numbers at the paths are averaged transition moments in μB, connecting the
corresponding states.

Table 3. Low-Lying Energies (cm−1) and g Tensors of DyIII Fragments That Originate from the Corresponding Ground Atomic
Multiplet in Model Complexes 1a−d

energy

1a 1b 1c 1d

Dy1 Dy2 Dy1 Dy2 Dy1 Dy2 Dy1 Dy2

0.0 0.0 0.000 0.000 0.0 0.0 0.000 0.000
88.5 71.6 167.561 168.031 127.2 127.7 47.867 48.499
172.1 132.5 358.937 359.799 288.8 289.6 93.721 94.910
290.8 244.6 455.989 457.620 361.5 363.0 151.855 153.030
445.1 393.0 477.791 479.121 383.3 384.7 171.766 173.200
573.8 529.6 557.047 558.513 465.0 466.3 236.155 237.330
683.7 649.4 612.223 613.395 523.6 524.7 296.710 297.537
1005.2 1007.5 843.870 844.693 780.3 781.1 534.148 534.761

tensor

ground Kramers doublet (1a) ground Kramers doublet (1b) ground Kramers doublet (1c) ground Kramers doublet (1d)

Dy1 Dy2 Dy1 Dy2 Dy1 Dy2 Dy1 Dy2

gx 0.2219 0.3703 0.0002 0.0002 0.0011 0.0010 0.0085 0.0082
gy 0.5212 1.0312 0.0003 0.0003 0.0015 0.0015 0.0216 0.0210
gz 19.4198 19.0995 19.9797 19.9124 19.9747 19.9385 19.8339 19.8718
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Figure 9c). This is a consequence of the weak HoIII···HoIII

magnetic exchange, which displays the smallest J parameter
(Table 2) of the three complexes and is therefore not strong
enough to quench the tunneling of the magnetization. A tunnel
splitting of 2.67 cm−1 in the ground state suggests that
application of a dc field is unlikely to diminish the quantum
tunneling relaxation pathway to observe magnetization block-
ade, concordant with experiments.
Role of Diamagnetic Substitution in the Mechanism

of Magnetization Relaxation. A large anisotropy barrier
(Ueff) is found to be present for 1, and its magnitude falls within
the range of that previously reported for {CoIII2Dy

III
2} SMMs

of similar type.17 We have shown from the above computational
analysis that the electronic structure of the two DyIII single ions
reveal the g tensors in the ground Kramers doublet are strongly
axial with a large gz value and vanishingly small transverse
components (gx (0.0005), gy (0.0043)). The SMM behavior is
therefore a consequence of this electronic structure. We have
therefore probed how the diamagnetic CoIII ion influences the
electronic and magnetic behavior and what its influence is on
the Ueff value.
To understand the role of the CoIII ions, we have created a

model where, fictitiously, the CoIII ions are removed (complex
1a; see Figure 5). Calculations reveal that the local g tensors of
the DyIII ions in the ground Kramers doublet are axial in nature;
however, they now display large transverse components (gx =
0.222, gy = 0.521, and gz = 19.419 for Dy1 and gx = 0.370, gy =
1.031, and gz = 19.099 for Dy2). The computed energies of the
first excited Kramers doublet are found to be 88.5 cm−1 for Dy1

and 71.6 cm−1 for Dy2 (see Table 3). A qualitative mechanism
for magnetic relaxation at the individual DyIII sites in 1a,
obtained from the ab initio calculations, is shown in Figure 10a
(Dy1) and Figure S4a in the Supporting Information (Dy2). It
can be seen that the tunneling probability in the ground state is
now significantly higher for 1a than for 1 (0.16 vs 0.8 × 10−3,
respectively, averaged over the two sites). This is essentially due
to the presence of large transverse terms in the ground state.
To understand the nature of the coupled state, we have
assumed the DyIII···DyIII exchange for 1a to be the same as that
for complex 1. The simulated energy levels using the
POLY_ANISO routine reveal that the weak DyIII···DyIII

exchange is not strong enough to quench the QTM at the
ground state and thus 1a is unlikely to exhibit SMM
characteristics. This is supported by various experimental
accounts, such as a similar dihydroxide bridged eight-coordinate
{DyIII2} complex which revealed an absence of SMM
behavior.45

As the absence of the trivalent diamagnetic ion suggests the
absence of SMM behavior in these complexes, thus highlighting
the importance of the diamagnetic ion, we have probed how
changing the diamagnetic species might affect the anisotropy
barrier and thus the SMM properties. For this study we have
replaced the tricationic diamagnetic ion in 1, with mono-
cationic, dicationic, and tetracationic diamagnetic ions. We have
selected K+, ZnII, and TiIV as the ions and modeled the CoIII

ions in complex 1 as K+ (model 1b), ZnII (model 1c), and TiIV

(model 1d), respectively. The calculations performed for 1b
(see Computational Details) on both DyIII ions suggest that the

Figure 10. Magnetization blocking barrier for the Dy1 site in (a) 1a, (b) 1b, (c) 1c, and (d) 1d. The thick black line indicates the Kramers doublets
(KDs) as a function of computed magnetic moment. The green/blue arrows show the possible pathway through Orbach/Raman relaxation. The
dotted red lines represent the presence of QTM/TA-QTM between the connecting pairs. The numbers provided at each arrow are the mean
absolute values for the corresponding matrix element of the transition magnetic moment. The yellow curve indicates the most possible relaxation
pathway.
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local g tensors in the ground Kramers doublet are purely axial
in nature, with very small transverse components (gx = 0.0002,
gy = 0.0003, and gz = 19.9797 for Dy1 and gx = 0.0002, gy =
0.0003, and gz = 19.9124 for Dy2). The presence of a
monocationic diamagnetic cation yields very small transverse
terms similar to those for 1, which is in contrast with model
complex 1a (no diamagnetic ion), which has a large transverse
component. Due to small TA-QTM in the first excited state
(tunnel probability 0.1 × 10−1 μB) the magnetization relaxes via
the second excited state (tunnel probability 0.8 × 10−1 μB) and
the computed energies of the DyIII single-ion second excited
Kramers doublet for 1b are found to be 358.9 cm−1 for Dy1
and 359.8 cm−1 for Dy2 (see Table 3). This is larger than that
observed for complex 1, suggesting a stronger electrostatic
repulsion offered by the closed-shell K+ ion. A qualitative
mechanism for the magnetic relaxation for the DyIII sites in 1b
obtained from the ab initio calculations is shown in Figure 10b
(Dy1) and Figure S4b in the Supporting Information (Dy2). If
we assume the DyIII···DyIII exchange for 1b to be of magnitude
similar to that in 1, we can construct an exchange coupled
relaxation mechanism (see Figure 11b and Table S8 in the
Supporting Information), where a smaller tunneling probability
is found in the ground state (2.4 × 10−10 cm−1), in comparison
to the single-ion analysis. Moreover, it is found that the
tunneling probability is very small (9.6 × 10−10 to 6.7 × 10−7

cm−1) until the 10th excited state. Therefore, the relaxation
pathway proceeds to the 11th excited state. The effect of the
DyIII−DyIII exchange is found to suppress the tunneling for 1b,
in comparison to the single ion, leading to a barrier height of
361.4 cm−1. This estimate of Ucal is larger than that estimated
for complex 1, which suggests the superiority of employing a
monocationic diamagnetic K+ ion in place of CoIII. Although

the K+model is fictitious, incorporation of K+ in DyIII cluster
aggregation found to enhance the barrier height in a {Dy5}
cluster7a,f supporting the above analysis.
Similarly, the calculations performed for 1c,d (see Computa-

tional Details) on both DyIII ions suggest that the local g
tensors in the ground Kramers doublet are axial in nature, with
very small transverse components (see Table 3). Three
structurally analogous {ZnII2Dy

III
2} complexes (see Figure S5

in the Supporting Information for details), possessing eight-
coordinate DyIII ions, have been reported in the literature,
which offers confidence in our computed model 1c.46 The
computed energies of the DyIII single-ion first excited Kramers
doublet for 1c are found to be 127.2 cm−1 for Dy1 and 127.7
cm−1 for Dy2 (see Table 3). These values are larger than those
observed for complex 1, but smaller in comparison to 1b,
suggesting that a stronger electrostatic repulsion is also offered
by the closed-shell ZnII ion in comparison to that when the
CoIII ion is present. A qualitative mechanism for the magnetic
relaxation for the DyIII sites in 1c obtained from the ab initio
calculations is shown in Figure 10c (Dy1) and Figure S4c in the
Supporting Information (Dy2). Clearly, at the single-ion level
the QTM effects on the ground-state KD (tunnel probability
0.43 × 10−3 μB) are quenched, leading to relaxation via the first
excited state, lying at 127 cm−1 above the ground state. For 1c,
we also assumed the DyIII···DyIII exchange for 1c to be of
magnitude similar to that in 1 and constructed an exchange
coupled relaxation mechanism (see Figure 11c and Table S9 in
the Supporting Information), where a smaller tunneling
probability is found in the ground state (6.1 × 10−9 cm−1),
in comparison to the single-ion analysis of 1c. Moreover, it is
found that the tunneling probability is also small (1.8 × 10−8 to
1.1 × 10−7 cm−1) for the first three excited states. Therefore,

Figure 11. Low-lying exchange spectra in (a) 1a, (b) 1b, (c) 1c, and (b) 1d. The exchange states are placed on the diagram according to their
magnetic moments (bold black lines). The red arrows show the tunneling transitions (energy splitting) within each doublet state, while the green/
blue arrows show the possible pathway through Orbach/Raman relaxation. The numbers at the paths are averaged transition moments in μB,
connecting the corresponding states.
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the relaxation pathway proceeds to the fourth excited state. The
effect of the DyIII−DyIII exchange is found to suppress the
tunneling for 1c, in comparison to the single ion, leading to a
barrier height of 129.1 cm−1. These calculations are supported/
validated from the experimental observations of the three
structurally analogous {ZnII2Dy

II
2} complexes mentioned

above, each of which are reported to exhibit SMM character-
istics.46 In model 1d, the computed energies of the DyIII single-
ion first excited Kramers doublet is found to be 47.9 cm−1 for
Dy1 and 48.4 cm−1 for Dy2 (see Table 3, Figure 10d (Dy1),
and Figure S4d (Dy2)) which are smaller in comparison to
those for 1 and 1b,c. The exchange coupled relaxation
mechanism (see Figure 11d and Table S10 in the Supporting
Information) suggests that the tunneling probability is again
very small from the ground state (9.5 × 10−7 to 1.9 × 10−5

cm−1) up to the fourth excited state. Thus, the relaxation
proceeds via the fourth excited state, leading to a barrier height
of 49.6 cm−1. Out of the four diamagnetic ion containing
complexes studied, the most highly charged cation, the Ti4+ ion,
displays the smallest anisotropy barrier.
We have also computed the crystal field (CF) parameters for

complexes 1−3 and the corresponding models (1a−1d) to
achieve a deeper insight into the mechanism of magnetic
relaxation. The corresponding crystal field Hamiltonian is given
by eq 2:

∑ ∑̂ = ̃
=−

H B O
k q

q

k
q

k
q

CF
(2)

Considering that hyperfine interactions and intermolecular
interactions are small or negligible, the probability of QTM
between the ground state KDs is described by the CF
parameters. The corresponding crystal field Hamiltonian is
given as eq 2, where Bk

q is the crystal field parameter, while Ok
q is

the Stevens operator. The QTM effects are dominant in a
system where the nonaxial Bk

q (in which q ≠ 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 1−3 are
given in Tables S11 and S13 in the Supporting Information.
For all three complexes 1−3, the nonaxial terms are larger than
the axial terms, reflecting the computed transverse anisotropy
for the ground state. The negative sign of the computed B2

0

parameter reveals the axial character of the ligand field, which is
determined to be −4.1 (TbIII), −2.4 (DyIII), and −0.56 (HoIII)
for 2, 1, and 3, respectively. The magnitude of the parameter
decreases in the same order as the decrease in oblate
character.3a,43 In all cases, significant nonaxial terms are
detected, suggesting prominent QTM effects. If the CoIII ions
are removed from complex 1 (model 1a), the nonaxial terms
are enhanced significantly in comparison to 1, leading to a
larger transverse anisotropy term and fast QTM relaxation. On
the other hand, if new diamagnetic ions such as K+, ZnII, and
TiIV are placed in the position of the CoIII ion (models 1b−d),
the crystal field parameters are very similar to those of complex
1, reflecting how the ground-state transverse anisotropy is
affected by the presence of the diamagnetic ion in the
coordination sphere. A larger barrier, in comparison to 1, is
calculated in the case of models 1b,c due to the greater ground-
state−excited-state gap, as the K+ and ZnII ions are found to
promote a stronger electrostatic interaction (see Figure 10).
This is also reflected in the computed Mulliken charges, where
the K+ and ZnII ions are found to possess charges of 1.07 and
1.54, respectively, while the CoIII ion has a charge of 0.75. For

the CoIII ion the reduction of the computed charge is very large
in comparison to the expected formal value of 3.0, while for K+

it is slightly more than the expected value and for ZnII ions only
a moderate deviation from 2.0 is noted. This is likely due to the
fact that the empty eg orbitals of the CoIII ion can accept
electrons from the coordinating atoms, leading to a reduction
of the formal charge, while this is not possible for the KI and
ZnII ions. In summary, the ab initio analysis reveals barrier
heights for magnetization reversal are found to be in the order
(1b, 361.4 cm−1) > (1c, 129.1 cm−1) > (1, 78.2 cm−1) > (1d,
49.6 cm−1) for the diamagnetic ion series. This trend clearly
suggests that, when the oxidation state of the diamagnetic ion
decreases, the electronic repulsion to the bridging atoms
increases, thus increasing the anisotropy barrier as well as
quenching the QTM to a certain extent. The barrier heights are
therefore found to correlate to the computed Mulliken charges
of the μ3-OH

− bridges, which carry a larger negative charge
next to the cations of smaller charge (see Figure 8 and Tables
S14−S18 and Figures S7−S9 in the Supporting Information).
Attempts to isolate compounds similar to those of the model
complexes 1b−d studied here are currently under way in our
laboratory.

■ CONCLUSIONS
The synthesis, magnetic, and theoretical studies of three
tetranuclear {CoIII2Ln

III
2} butterfly complexes were carried out.

ac susceptibility measurements revealed the presence of
magnetic blocking for 1, which indicates SMM behavior. An
anisotropy barrier Ueff of 81.2 cm−1 was determined, with a
pure quantum tunneling relaxation time, τQTM, of ∼0.34 s,
which suggests that the QTM is fast. The SMM behavior is lost
in the absence of a dc field for the TbIII and HoIII analogues;
however, it can be observed in the presence of a bias direct
current field. For 2 an anisotropy barrier Ueff of 34.2 cm−1 was
determined. These experimental observations were rationalized
via ab initio calculations. The influence of the diamagnetic CoIII

ion on the relaxation behavior was also probed via ab initio and
DFT calculations. The evidence strongly suggests that the CoIII

is integral to the observation of SMM behavior in these systems
and removal of CoIII ion found to increase the transverse
anisotropy of the ground state, leading to a significant QTM
relaxation process. Our calculations also predict that other
diamagnetic metal ions such as K+ and ZnII, in the place of
diamagnetic CoIII, may yield better-performing SMMs, with
longer relaxation times, as their electrostatic charge polar-
izations are found to be larger than that computed for CoIII

ions.
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