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Abstract
A

new

family

of

heterometallic

pentanuclear

complexes

of

formulae

[MnIVMnIII2LnIII2O2(benz)4(mdea)3(NO3)2(MeOH)] (Ln= Dy(1-Dy), Tb(2-Tb), Gd(3-Gd),
Eu(4-Eu), Sm(5-Sm), Nd(6-Nd) and Pr(7-Pr); benz = benzoic acid; mdeaH2= N-methyl
diethanolamine) and [MnIVMnIII2LnIII2O2(O-tol)4(mdea)3(NO3)2(MeOH)] (Ln= Gd(8-Gd) and
Eu(9-Eu); o-tol(H) = ortho-toluic acid) have been isolated and structurally, magnetically and
theoretically characterised. DC magnetic susceptibility measurements reveal dominant
antiferromagnetic magnetic interactions for each, except for 2-Tb and 3-Gd which reveal an
upturn in the χMT product at low temperatures. The magnetic interactions between the spin
centres in the Gd derivatives, 3-Gd and 8-Gd, which display markedly different χMT vs T
profiles, was found to be due to the interaction between the GdIII-GdIII ions which change from
ferromagnetic (3-Gd) to antiferromagnetic (8-Gd) due to structural differences. Ac magnetic
susceptibility measurements reveal a non-zero out-of-phase component for 1-Dy and 7-Pr, but
no maxima were observed above 2 K (Hdc = 0 Oe), which suggests single molecule magnet
(SMM) behaviour. Out-of phase signals were observed for complexes 2-Tb, 4-Eu, 8-Gd and
9-Gd, in the presence of a static DC field (Hdc = 2000 and 3000 Oe). The anisotropic nature of
the lanthanide ions in the benzoate series (1-Dy, 2-Tb, 5-Sm, 6-Nd and 7-Pr) were thoroughly
investigated using ab initio methods. CASSCF calculations predict that the origin of SMM
behaviour in 1-Dy and 7-Pr and the applied field SMM behavior in Tb (2) does not solely
originate from the single-ion anisotropy of the lanthanide ions. To fully understand the
relaxation mechanism, we have employed the Lines model to fit the susceptibility data using
POLY_ANISO program which suggests that the zero-field SMM behavior observed in
complexes 1-Dy and 7-Pr are due to weak MnIII/IV–LnIII and LnIII–LnIII couplings and an
unfavorable LnIII/MnIII/MnIV anisotropy. In complexes 4-Eu, 8-Gd and 9-Eu ab initio
calculations indicate the anisotropy of the MnIII ions solely gives rise to the possibility of SMM
behavior. Complex 7-Pr is the first reported Pr(III) containing complex to display zero-field
SMM behavior which is rare and our study suggests the possibility of coupling weak SOC
lanthanide metal ions to anisotropic transition metal ions to derive SMM characteristics,
however enhancing the exchange coupling in {3d-4f} complexes is still a stubborn hurdle in
harnessing new generation {3d-4f} SMMs.
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Introduction
Since the report of the first single molecule magnet (SMM) - {Mn12-acetate},1 great
efforts have been made in the construction of new SMM materials. These molecular materials
have potential applications in high-density information storage devices,2 Q-bits3 and
‘Spintronic’ devices.3a, 4 Prerequisites for SMM behaviour include a high spin ground state (S)
with negative zero field Splitting (D) and when these two properties are observed, this leads to
slow relaxation of the magnetization, purely of molecular origin, usually at very low
temperatures (< 5 K).5 The energy barrier for magnetic reorientation (Ueff) is correlated to these
abovementioned parameters. SMM behaviour is exhibited in certain mono- and poly-nuclear
metal ion complexes and initial efforts2 focussed on isolating large transition metal
coordination complexes with significant spin (S) ground states.6 At the same time, strongly
anisotropic transition metal ions are also included in the molecular aggregates to enhance the
magnetic anisotropy.6-7 These efforts led to large barrier heights (Ueff) being observed in several
polynuclear complexes, including hexanuclear {Mn6} species.8 Other cluster species, such as
{Mn19}, which possesses an unusually large molecular spin ground state of S = 83/2,6 does not
display any SMM behaviour due to a lack of anisotropy. This result has also been found for the
majority of high spin metal complexes.6, 7b, 9 Following these observations, greater attention
has been paid to modulate magnetic anisotropy in SMMs with lanthanide based SMMs taking
centre stage.10
Among the lanthanide ions, DyIII and TbIII have been the most prolific with numerous SMM
examples,11 including a DyIII SMM exhibiting a blocking temperature (magnetic relaxation of
100 s) of 12 K, with hysteresis open up to 30 K12 (sweep rate = 20 mTs-1) and a blocking
temperature of 60 K for a DyIII organometallic SMM.13 Unlike with transition metal ions, the
magnetic ground state(s) for lanthanide ion complexes are characterized by their corresponding
mJ levels and the splitting between the mJ levels, due to crystal field interaction can be
correlated to the zero-field splitting parameter in transition metal complexes. Lanthanide ions,
despite possessing a large magnetic anisotropy, however, in general, exhibit a loss of
magnetization at zero magnetic field and thus low hysteretic blocking temperatures are
observed (with several important exceptions12,13). This is essentially due to dominant quantum
tunnelling of magnetization (QTM) due to large spin-orbit coupling (SOC) and low-symmetry
environments. One way to quench QTM for lanthanide SMMs include the incorporation of
organic radical species or 3d metal ions in Ln complex aggregation to enable stronger magnetic
exchange coupling between the radical/3d ion with the 4f ions. Within radical based 4f systems,
a [Tb2(μ-N23- )] example is worthy of mention as this is reported to possess a Ueff value 326 K,
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with magnetic hysteresis observed at 14 K,14 arising due to very strong radical-4f magnetic
exchange.15 However, radical based 4f complexes are often unstable in ambient conditions and
incorporation of 3d elements along with 4f is therefore a viable alternate. Thus, heterometallic
3d–4f complexes have gained attention as they possess a combination of a large spin on the 3d
ions with the spin/anisotropy of lanthanide ions.16 Several 3d–4f clusters such as {Dy4Mn11},16d
{Mn6Tb2}16e {DyIII2CoIII2}16a-c and {DyIII2CrIII2}17 are reported to possess SMM behaviour. In
particular, the ‘butterfly’ type complexes {CoIII2DyIII2}16a-c and {CrIII2DyIII2},17 reported by
some of us highlight the important role the magnetic exchange interaction plays in quenching
QTM, leading to considerably longer relaxation times with highly coercive hysteresis loops in
the {CrIII2DyIII2} family.17 For the construction of {DyIII2CoIII2}16a-c and {DyIII2CrIII2}17 type
complexes the common ligand(s) used in their synthesis are amine polyalcohol ligands such as
triethanolamine (teaH3) and N-methyldiethanolamine (mdeaH2). Moreover, these ligands have
led to the isolation of an attractive sixteen membered heterometallic {MnIII-LnIII} wheel using
MnIII as the 3d ion18 and a six-membered DyIII-metallo wheel, the latter shows a rare net
toroidal magnetic moment as a single molecule toroic.19
In this work, we target new heterometallic complexes and have focussed on the use of MnIII
ion with anisotropic LnIII ions. We report the synthesis of a family of pentanuclear
{MnIVMnIII2LnIII2}

complexes

of

formula

[MnIVMnIII2LnIII2O2(RCO2)4(mdea)3(NO3)2

(MeOH)] (Ln = Dy (1-Dy), Tb (2-Tb), Gd (3-Gd & 8-Gd), Eu (4-Eu & 9-Eu), Sm (5-Sm),
Nd (6-Nd) and Pr (7-Pr), where mdea2- = doubly deprotonated N-methyldiethanolamine,
RCO2- = benzoate (1-Dy to 7-Pr) or toluate (8-Gd to 9-Eu)), and have performed magnetic
measurements on these compounds and interpreted the data using various theoretical
techniques.

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 metal complexes.
Synthesis of [MnIVMnIII2DyIII2O2(O2CPh)4(mdea)3(NO3)2(MeOH)] (1-Dy). Mn(NO3)2·4H2O
(0.288 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), benzoic acid (0.12 g,
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1.0 mmol) and triethylamine (0.55 mL, 4.0 mmol), which resulted in a brown solution. This
solution was stirred for 2 hours, after which the solvent was removed to give a brown oil. The
oil was re-dissolved in MeOH/EtOH (1:1) and layered with diethyl ether (Et2O). Within 5–7
days, dark brown crystals of 1-Dy had appeared, with an approximate yield of 45 % (crystalline
product). Calculated (found) for 1-Dy: Mn3Dy2C44H57O23N5: C, 34.91 (34.65); H, 3.80 (3.87);
N, 4.63 (4.64).
Synthesis of [MnIVMnIII2TbIII2O2(benz)4(mdea)3(NO3)2(MeOH)] (2-Tb). The synthetic route
for 1-Dy was followed, but Tb(NO3)3·6H2O (0.17 g, 0.5 mmol) was used in place of
Dy(NO3)3·6H2O. Dark brown crystals of 2-Tb appeared within 7–8 days, with an approximate
yield of 47 % (crystalline product). Calculated (found) for 2-Tb: Mn3Tb2C44H57O23N5: C, 35.08
(35.11); H, 3.81 (3.57); N, 4.65 (4.81).
Synthesis of [MnIVMnIII2GdIII2O2(benz)4(mdea)3(NO3)2(MeOH)] (3-Gd). The synthetic route
for 1-Dy was followed, but Gd(NO3)3·6H2O (0.22 g,0.5 mmol) was used in place of
Dy(NO3)3·6H2O. Dark brown crystals of 3-Gd appeared within 3–4 days, with an approximate
yield of 55 % (crystalline product). Calculated (found) for 3-Gd: Mn3Dy2C44H57O23N5: C,
35.16 (34.89); H, 3.81 (3.57); N, 4.65 (4.44).
Synthesis of [MnIVMnIII2EuIII2O2(benz)4(mdea)3(NO3)2(MeOH)] (4-Eu). The synthetic route
for 1-Dy was followed, but Eu(NO3)3·xH2O (0.17 g, 0.5 mmol) was used in place of
Dy(NO3)3·6H2O. Dark brown crystals of 4-Eu appeared within 5–7 days, with an approximate
yield of 50 % (crystalline product). Calculated (found) for 4-Eu: Mn3Eu2C44H57O23N5: C, 35.40
(35.87); H, 3.85 (3.59); N, 4.69 (4.77).
Synthesis of [MnIVMnIII2SmIII2O2(benz)4(mdea)3(NO3)2(MeOH)] (5-Sm). The synthetic route
for 1-Dy was followed, but Sm(NO3)3·6H2O (0.22 g, 0.5 mmol) was used in place of
Dy(NO3)3·6H2O. Dark brown crystals of 5-Sm appeared within 8–10 days, with an
approximate yield of 55 % (crystalline product). Calculated (found) for 5-Sm:
Mn3Sm2C44H57O23N5: C, 35.48 (35.45); H, 3.86 (3.87); N, 4.70 (4.99).
Synthesis of [MnIVMnIII2NdIII2O2(benz)4(mdea)3(NO3)2(MeOH)] (6-Nd). The synthetic route
for 1-Dy was followed, but Nd(NO3)3·6H2O (0.22 g, 0.5 mmol) was used in place of
Dy(NO3)3·6H2O. Dark brown crystals of 6-Nd appeared within 3–4 days, with an approximate
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yield of 65 % (crystalline product). Calculated (found) for 6-Nd: Mn3Nd2C44H57O23N5: C,
35.77 (35.46); H, 3.89 (3.56); N, 4.74 (4.64).
Synthesis of [MnIVMnIII2PrIII2O2(benz)4(mdea)3(NO3)2(MeOH)] (7-Pr). The synthetic route
for 1-Dy was followed, but Pr(NO3)3·6H2O (0.22 g, 0.5 mmol) was used in place of
Dy(NO3)3·6H2O. Dark brown crystals of 7-Pr appeared within 5–7 days, with an approximate
yield of 45 % (crystalline product). Calculated (found) for 7-Pr: Mn3Pr2C44H57O23N5: C, 35.94
(35.85); H, 3.91 (3.69); N, 4.76 (4.64).
Synthesis of [MnIVMnIII2GdIII2O2(o-tol)4(mdea)3(NO3)2(MeOH)]·3H2O

(8-Gd). The

synthetic route for 3-Gd was followed, but ortho-toluic acid (0.14 g, 0.5 mmol) was used in
place of benzoic acid. Dark brown crystals of 8-Gd appeared within 3–4 days, with an
approximate yield of 57 % (crystalline product). Calculated (found) for 8-Gd:
Mn3Gd2C48H71O26N5: C, 35.73 (35.25); H, 4.44 (4.87); N, 4.34 (4.55).
Synthesis of [MnIVMnIII2EuIII2O2(o-tol)4(mdea)3(NO3)2(MeOH)]·3H2O (9-Eu). The synthetic
route for 8-Gd was followed but, Eu(NO3)3·xH2O (0.17 g, 0.5 mmol) was used in place of
Gd(NO3)3·6H2O. Dark brown crystals of 9-Eu appeared within 8–10 days, with an approximate
yield of 54 % (crystalline product). Calculated (found) for 9-Eu: Mn3Eu2C48H71O26N5: C, 35.97
(35.75); H, 4.46 (4.57); N, 4.37 (4.34).
X-ray crystallography
X-ray measurements for 1-Dy to 5-Sm and 9-Eu were performed at 100(2) K at the Australian
synchrotron MX1 beam-line.20 The data collection and integration were performed within BluIce21 and XDS22 software programs. Data collection and integration were performed with
SMART and SAINT+ software programs, and corrected for absorption using the Bruker
SADABS program. Compounds 1-Dy to 5-Sm and 9-Eu were solved by direct methods
(SHELXS-97),23 and refined (SHELXL-97)24 by full least matrix least-squares on all F2 data.25
The crystallographic data and refinement parameters of 1-Dy to 5-Sm and 9-Eu are
summarized in Table S1. Crystallographic details are available in the Supporting Information
(SI) in the CIF format. CCDC numbers 1571429-1571434. These data can be obtained free of
cost

from

the

Cambridge

Crystallographic

Data

Centre

at

www.ccdc.cam.ac.uk/data_request/cif. X-ray powder diffraction patterns for complexes 6-Nd,
7-Pr and 8-Gd were measured on a Bruker X8 using Cu Kα wavelength (1.5418 Å), and the
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samples were mounted on a zero-background silicon single-crystal stage. Scans were
performed at room temperature in the 2θ range of 5–55° and compared with predicted patterns
that were based on low-temperature single-crystal data.
Magnetic measurements
Magnetic susceptibility measurements were carried out on a Quantum Design SQUID
magnetometer MPMS-XL 7 that operated between 1.8 and 300 K for DC-applied fields that
ranged from 0–5 T. Microcrystalline samples were dispersed in Vaseline in order to avoid
torquing of the crystallites. The sample mulls were contained in a calibrated gelatine capsule
that was 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
DFT calculations
DFT calculations, combinated with the Broken-Symmetry (BS) approach 26 have been
employed to compute the J values in complexes 3-Gd and 8-Gd (modelled using X-ray
structure of 9-Eu). The BS method has a proven record of yielding good numerical
estimates of J constants for a variety of complexes 27 such as dinuclear transition metal
complexes,28 Gd based di-15a,

29

and polynuclear complexes. 9c,18,27a,30 Here DFT

calculations were performed using the B3LYP functional31 with the Gaussian 09 suite of
programs.32 In complexes 3-Gd and 8-Gd, the double-zeta quality basis set that employed
Cundari–Stevens (CS) relativistic effective core potential on Gd atom 33, and Ahlrich’s34
triple-ζ-quality basis set were employed for Mn and the rest of the atoms. The following
Hamiltonian is used to estimate the exchange interaction (J).
̂ = −[2𝐽1 (𝑆𝐺𝑑1 𝑆𝐺𝑑2 ) + 2𝐽2 (𝑆𝐺𝑑1 𝑆𝑀𝑛3 + 𝑆𝐺𝑑2 𝑆𝑀𝑛3 ) + 2𝐽3 (𝑆𝐺𝑑1 𝑆𝑀𝑛4 + 𝑆𝐺𝑑2 𝑆𝑀𝑛5 ) +
𝐻
2𝐽4 (𝑆𝑀𝑛4 𝑆𝑀𝑛5 )

(1)

The computed energies of five spin configurations for 3-Gd and 8-Gd were used to
extract the exchange interactions. 35 The PHI program36 was used for the simulation of plots
of magnetic susceptibilities vs temperature and for molar magnetization vs. field for 3-Gd
and 8-Gd.
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Ab initio calculations
Using MOLCAS 8.0,37 ab initio calculations were performed on the mononuclear Ln ions of
complexes 1-Dy, 2-Tb, 5-Sm, 6-Nd and 7-Pr. We have used the X-ray crystal structures of 1Dy, 2-Tb and 5-Sm for their calculations and the X-ray structure of 5-Sm have been used to
model 6-Nd and 7-Pr for their calculations. The neighboring LnIII, MnIV and MnIII ions were
replaced by diamagnetic LuIII, TiIV and GaIII, respectively, in the calculation. The relativistic
effects are taken into account on the basis of the Douglas−Kroll Hamiltonian.38 The spin-free
Eigen-states are achieved by the Complete Active Space Self-Consistent Field (CASSCF)
method.39 We have employed the [ANO-RCC... 8s7p5d3f2g1h.] basis set40 for Ln 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...4s3p1d.] basis set for Ga atoms,
the [ANO-RCC...7s6p4d2f.] basis set for the Lu atom and the [ANO-RCC...3s2p1d.] basis set
for O atoms. First, the CASSCF calculations were performed by including nine electrons across
seven 4f orbitals of the DyIII ion for 1-Dy, eight electrons across seven 4f orbitals of the TbIII
ion for 2-Tb, five electrons across seven 4f orbitals of the SmIII ion for 5-Sm, four electrons
across seven 4f orbitals of the NdIII ion for 6-Nd, three electrons across seven 4f orbitals of the
PrIII ion for 7-Pr. With this active space, 21 roots of sextet in the Configuration Interaction (CI)
procedure were computed for 1-Dy. For 2-Tb, seven septet excited states, 140 quintet excited
states and 195 triplet excited states were considered. For 5-Sm, 21 sextet excited states, 128
quartet excited states and 130 doublet excited states were considered. For 6-Nd, 35 quartet
excited states and 112 doublet excited states were considered. For 7-Pr, 21 triplet excited states
and 28 singlet excited states were considered. After computing these excited states, we mixed
all roots using RASSI-SO procedure41; spin-orbit coupling has been considered within the
space of the calculated spin-free Eigen-states. Moreover, these computed SO states have been
considered in the SINGLE_ANISO42 program to compute the g-tensors. The Cholesky
decomposition for two electron integrals is employed throughout our calculations. The crystal
field parameters have been extracted using the SINGLE_ANISO code, as implemented in
MOLCAS 8.0. The exchange interactions between anisotropic Ln ions, MnIII-LnIII, MnIV-LnIII
and MnIII-MnIII interactions in complexes 1-Dy, 2-Tb, 5-Sm, 6-Nd and 7-Pr have been
computed by fitting with the experimental data using POLY_ANISO43 routine employing
Lines model.44
The magnetic couplings are extracted using the following Hamiltonian.
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̂𝑒𝑥 = − ∑3𝑖=1 𝐽𝑖 . 𝑆𝑖 . 𝑆𝑖+1
𝐻

(2)

(here Ji = Jidipolar +Jiexch; i.e. Ji are the total magnetic interaction in combination of calculated
Jidipolar and fitted Jiexch parameters; this describes the interaction between the intramolecular
metal centres.)
To calculate the D-tensor for a MnIV ion and both MnIII ions in 1-Dy, ab initio CASSCF
calculations were performed using MOLCAS 8.0.37 The active space for CASSCF calculations
comprises five d-based orbitals with three electrons for MnIV ion in CAS(3,5) set up and four
electrons for MnIII ions in CAS(4,5) setup. We then considered ten quartet and forty doublet
excited states for MnIV ion, and five quintet and forty five triplet excited states for MnIII ion in
the calculations in order to compute zero field splitting (zfs).45 After computing these excited
states, we mixed all roots using RASSI-SO41 and computed the D-tensor using the
SINGLE_ANISO42 program.
Results and Discussion
Synthesis and crystal structures
HO
COOH
R

Mn(NO3)3.6H2O
+
Ln(NO3)3.xH2O

+

+

Et3N

N

MeCN

Dark brown crystal
(from MeOH : EtOH)

HO

Scheme 1. The reaction scheme used to isolate compounds 1-Dy to 7-Pr (when R = H) and 8Gd to 9-Eu (when R = Me).
The reaction of Mn(NO 3)2∙4H2O and Ln(NO3)3·6H2O (Ln = Dy, Tb, Gd, Eu, Sm, Nd and
Pr) with mdeaH2 and ortho-toluic acid or benzoic acid in acetonitrile at ambient
temperature, followed by the removal of the solvent and re-dissolution in a MeOH/EtOH
mixture yielded a family of mixed-valent heterometallic pentanuclear complexes of general
formula [MnIVMn III2 Ln III2O2(benz)4(mdea)3(NO3)2(MeOH)] (Ln = Dy(1-Dy), Tb(2-Tb),
Gd(3-Gd), Eu(4-Eu), Sm(5-Sm), Nd(6-Nd) and Pr(7-Pr)) or [MnIVMnIII2 Ln III2O2(Otol)4(mdea)3(NO3)2 (MeOH)]·3H2O (Ln = Gd (8-Gd) and Eu (9-Eu)). We note that it is also
possible to isolate a {Mn III2 Ln III2} ‘reverse butterfly’ motif using these ligands (similar to
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the conventional {Co III2 DyIII2} and {CrIII2DyIII2} butterfly complexes highlighted above, 16ac ,17 )

when MeOH was used as the crystallization solvent. 46 For all complexes, it is

interesting to note that by modifying the crystallization solvent (MeOH/EtOH) a different
complex is isolated. Furthermore, we find that the above pentanuclear products are sensitive
to the lanthanide ion used and can only be isolated for Ln III ions up to DyIII in the 4f block.
When Ln III ions of greater atomic number than Dy III is used we find a new product is
isolated under the same crystallization conditions, namely a [MnIII8 Ln III8(mdea)16(otol)8(NO3)8] Ln = DyIII--Yb III) wheel complex.18 While it is always difficult to
predict/rationalise the structure of the solid state product when using a self -assembly
approach, it is clear, that the nature of the lanthanide ion, likely the ionic radii of the ions ,
and solvent effects play significant roles in the outcome of these reactions.

O3
O6

O17

O19
O15

N5

Mn3
O4

O8

O13

O7

Dy1
O16

O21
N18

Mn4

O5

O12

Mn5

O22

Dy2

O11

O1
O9

N19

Figure 1. (left) The molecular structure of complex 1-Dy. The solvent and the H atoms are
omitted for clarity. The dotted bonds indicate the elongated axis. Colour scheme: MnIV,
yellow; MnIII, pink; DyIII, green; O, red; N, blue; C, light grey. (middle) Simplified
molecular structure with chemdraw type of 1-Dy showing bridging connectivity. (right)
The core structure of complex 1-Dy with top and side view.
Compounds 1-Dy to 5-Sm and 9-Eu crystallise in the triclinic space group, P-1, such that the
asymmetric unit constitutes the entire molecule. The solid-state structures of 6-Nd, 7-Pr and
8-Gd were determined by their powder XRD diffraction pattern, where the PXRD suggests the
possibility that 6-Nd and 7-Pr are identical to those simulated from the Sm compound 5-Sm,
while that for complex 8-Gd is identical to the simulated pattern for the Eu compound 9 (Figure
2). The molecular structure of 1-Dy to 7-Pr (benz) and 8-Gd and 9-Eu (o-tol) are essentially
identical, the only difference being the replacement of the benzoate ligand with ortho-toluate.
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Therefore, only complex 1 is described in detail and is representative of all complexes.
Compound 1-Dy is a heterometallic pentanuclear {MnIVMnIII2DyIII2} complex (Figure 1) that
consists of one MnIV, two MnIII and two DyIII ions. The oxidation state of the ions was
determined via charge balance, structural considerations and bond valence sum calculations
(See Table S2 in ESI). The metallic core displays a distorted trigonal bipyramidal motif (See
Figure 1, bottom right). On the other hand, the structure also resembles an arrangement like
that found for the {TMIII2LnIII2} (TM = Co and Cr) butterfly complexes.16a, 16c, 17, 46 In those
cases, all four ions lie in a plane, with the LnIII ions in the body (central) positions, and the TM
ions in the wing (outer) sites. For 1-Dy we observe one half of the butterfly motif (Dy1, Dy2
and Mn3 - with the same ligand bridging arrangement), however we then find two manganese
ions lying above and below these three ions instead of the usual one (Figure 1, top right). The
ions in the complex are held together by bridging [mdea]2-, [O2-] and benzoate ions and
chelating and terminal [NO3]- and MeOH ions/ligands. The DyIII ions are nine coordinate with
capped square antiprismatic geometries with an {DyO9} coordination sphere. The MnIV centre
displays a {MnNO5} coordination sphere with an octahedral geometry; while the two other
MnIII centres are in a {MnNO4} coordination sphere with distorted square pyramidal
geometries. Selected bond lengths and bond angles are given in Table S3 in ESI.
a)

b)
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Figure 2. X-ray powder diffraction measured for complexes a) 6-Nd; b) 7-Pr and c) 8-Gd.
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Magnetic properties of the {MnIVMnIII2LnIII2} pentanuclear complexes
Direct current magnetic susceptibility measurements
Table 1. DC magnetic data recorded for all pentanuclear compounds.

Comp

Ground

Ground

Ground

Curie

state of the

state of

state

of

constant

LnIII ion

the MnIV

the MnIII

expected

ion

ion

for

lex

Observed

Observed

Observed

χMT (cm3

χMT (cm3

M (NμB)

K mol-1)

K mol-1)

at 2 K and

at 300 K

at 2 K

5T

36.2

36.2

30.3

14.0

31.6

31.3

39.3

13.8

23.7

23.7

38.0

18.8

7.9

7.9

1.4

2.7

8.1

8.1

1.5

3.2

11.1

11.1

2.7

5.6

11.1

11.1

2.4

4.3

23.7

23.5

7.9

10.4

7.9

7.9

1.4

2.6

the

complex
(cm3

K

mol-1)
1-Dy
2-Tb
3-Gd
4-Eu
5-Sm
6-Nd
7-Pr
8-Gd
9-Eu

DyIII; 6H15/2

S = 3/2

S=2

(g = 4/3)

(g = 2)

(g = 2)

TbIII; 7F6

S = 3/2

S=2

(g = 3/2)

(g = 2)

(g = 2)

GdIII; 8S7/2

S = 3/2

S=2

(g = 2)

(g = 2)

(g = 2)

EuIII;7F0

S = 3/2

S=2

(g= 0)

(g = 2)

(g = 2)

SmIII;6H5/2

S = 3/2

S=2

(g = 2/7)

(g = 2)

(g = 2)

NdIII; 4I9/2

S = 3/2

S=2

(g = 8/11)

(g = 2)

(g = 2)

PrIII; 3H4

S = 3/2

S=2

(g = 4/5)

(g = 2)

(g = 2)

GdIII; 8S7/2

S = 3/2

S=2

(g = 2)

(g = 2)

(g = 2)

EuIII; 7F0

S = 3/2

S=2

(g = 0)

(g = 2)

(g = 2)

The variations with temperature of the direct current (dc) magnetic susceptibilities of all
complexes are shown in Figure 3. The magnetic data are summarised in Table 1. The
complexes are split into three groups for comparison. The first group depicts the benzoate
family with 1-Dy, 2-Tb and 3-Gd complexes. The 2-Tb and 3-Gd complexes, display a gradual
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decrease in the χMT product as the temperature is reduced, before an increase is noted at low
temperatures. At the lowest temperatures, the χMT value reaches a maximum before decreasing
again. This would indicate that both complexes display some form of ferromagnetic
interactions (Figure 3, top and bottom). Complex 1-Dy on the other hand reveals a continual
decrease in the χMT product, with an abrupt decrease below ~10 K, suggestive of Zeeman level
depopulation effects and the likelihood of dominant intramolecular antiferromagnetic
interactions (Figure 3, top).

Figure 3. The measured and the POLY_ANISO-fitted magnetic susceptibility of (top) 1-Dy
and 2-Tb, and (middle) 4-Eu to 7-Pr and 9-Eu from 300 to 2 K under a magnetic field of 1 T.
(bottom) Thermal variation of χMT for complexes 3-Gd and 8-Gd from 300 to 2 K under a
magnetic field of 1 T. The PHI fitted and DFT-simulated plots are shown as solid lines and
open circles; see inset.
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The second group depicts the benzoate family with 4-Eu, 5-Sm, 6-Nd and 7-Pr complexes. In
all cases a steep decrease in χMT is observed over the entire temperature range (Figure 3,
middle), again indicating Zeeman level depopulation effects and the likelihood of dominant
intramolecular antiferromagnetic interactions. The ortho-toluate series 8-Gd and 9-Eu also
revealed a continual decrease in the χMT product occurring below room temperature, which is
indicative of antiferromagnetic interactions (Figure 3). It is interesting to note that the
molecular structure of compounds 3-Gd and 8-Gd are identical except for the difference in the
carboxylate ligand used, but display significantly different χMT versus T profiles.
Isothermal M versus H plots for all complexes are shown in Figures S1 and S2. The plots show
gradual increases with increasing H, at low fields and low temperatures, with M then increasing
linearly at larger fields, without coming close to a saturation value, indicating anisotropy and/or
a result of antiferromagnetic interactions. The best fits of the M/H plots are also given.

LnIII

J2
MnIV

J3
MnIII

J1
MnIII

J4

LnIII
Figure 4. Magnetic exchange interactions in 1-Dy to 8-Gd.
To elucidate the magnetic exchange interactions for 3-Gd and 8-Gd, fits were attempted using
the PHI program36 employing the isotropic four J Hamiltonian shown in Figure 4 and eqn (1).
Best fit parameters are J1 = 0.13 cm−1, J2 = 0.27 cm−1, J3 = -0.23 cm−1 and J4 = -2.90 cm−1 for
3-Gd and J1 = -0.08 cm−1, J2 = 0.03 cm−1, J3 = -0.54 cm−1 and J4 = -1.03 cm−1 for 8-Gd (Fig.
3, bottom, solid lines). The values obtained from the fit for GdIII-GdIII (J1) and MnIII-GdIII (J3)
values are in good agreement with the previously reported values for these interactions.47 The
MnIV-GdIII (J2) interaction has no precedence, but lies in the range of values expected for 3dGd interactions47c, 48 that offers confidence on the obtained J values.
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Alternating current magnetic susceptibility measurements

a)

b)
Hdc = 0 Oe

Figure 5. Plot of χM″ versus T at the frequencies indicated for a) 1-Dy and b) 7-Pr under Hdc
= 0 Oe.
The magnetization dynamics were investigated for each complex by alternating current (ac)
susceptibility measurements as a function of both temperature and frequency. A 3.5 Oe ac field
was employed, with a zero-static dc field for 1-Dy and 7-Pr (See Figure 5); dc fields of 2000
Oe and 3000 Oe were necessary for 2-Tb, 4-Eu, 8-Gd and 9-Eu. A non-zero out-of-phase (χM”)
component is observed for 1-Dy and 7-Pr, however, no maxima are observed with Hdc = 0 Oe
(Figure 5). This does not prove SMM behavior, but suggests the possibility of such behavior,
with a small energy barrier in the magnetic reorientation. No out-of-phase signals are observed
at temperatures below 1.8 K for 2-Tb to 6-Nd and 8-Gd to 9-Eu under Hdc = 0 Oe. Out-ofphase susceptibility signals are, however, observed for complexes 2-Tb, 4-Eu, 8-Gd and 9Eu, in the presence of a static dc field (2000 and 3000 Oe) (Figure S3 in ESI). Complexes 4Eu and 9-Eu contain paramagnetic MnIII/MnIV and diamagnetic EuIII ions only: therefore, the
slow magnetic relaxation must be a consequence of the MnIV/MnIII ions. No SMM behavior
was observed above 1.8 K for 3-Gd, 5-Sm, and 6-Nd in view of the absence of any frequencydependent out-of-phase (χM″) signals in both zero and applied DC fields (See Figure S4 in ESI).
Estimation of Exchange coupling in complex 3-Gd and 8-Gd using DFT Calculations:
DFT calculations were performed on complexes 3-Gd and 8-Gd to obtain exchange parameters
for pairwise GdIII−GdIII (J1), MnIV−GdIII (J2), MnIII−GdIII (J3) and MnIII−MnIII (J4) interactions
using their X-ray crystal structures as input (See computational details for methodology
employed and Figure 5 for the exchange topology). The calculations yield values of J1 = 0.07
cm-1, J2 = 1.21 cm-1, J3 = -0.45 cm-1 and J4 = -3.77 cm-1 for 3-Gd. The signs of the computed J
values agree with those obtained from the fit of the experimental susceptibility data, however
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from the DFT calculations the magnitude is slightly smaller for J1, and slightly larger for J2, J3
and J4. Although J1 is very weakly ferromagnetic, the overall ferromagnetic nature of the
magnetic susceptibility curve (Figure 3, bottom) is reproduced with inclusion of a small
intermolecular interaction (zJ = 0.01 cm-1). DFT calculations yield the exchange interactions
of J1 = -0.07 cm-1, J2 = 1.20 cm-1, J3 = -0.45 cm-1 and J4 = -3.34 cm-1 for 8-Gd. These J values
also reproduce the sign of the experimental exchange constants, but the magnitude is slightly
larger for J2 and J4 compared to the experimental data fit. In our analysis we have assumed that
the structural parameters derived from the x-ray data of Eu (9-Eu) will be very similar to that
of Gd (8-Gd), however it is possible that some geometrical parameters are different leading to
the difference to the observed behaviour. Although complexes 3-Gd and 8-Gd are similar, we
find, however, a significant difference in the low temperature susceptibility behaviour (Figure
3, bottom). We find that the change of ligand, surprisingly, causes the intra-cluster coupling in
these two complexes to change from net ferromagnetic (3-Gd) to antiferromagnetic (8-Gd)
leading to a change in the nature of the ground state and thus the temperature dependent
susceptibility profile. We note that the set of DFT J parameters reproduce the susceptibility
data very well (Figure 3, bottom).
To rationalize the origin of the ferromagnetic GdIII-GdIII exchange in 3-Gd and
antiferromagnetic exchange in 8-Gd, overlap integrals for the GdIII-GdIII pair have been
computed. For complex 8-Gd, twenty seven dominant 4f-4f overlaps are noted in forty nine
possible overlaps, while in complex 3-Gd only nine 4f-4f overlaps are noted, with such
interactions leading to a net antiferromagnetic interaction in the former and ferromagnetic
interaction in the latter case (See Tables S4-S5 of ESI).49 A small variation in the structural
parameters such as Gd-O-Gd and Gd-O-Gd-O dihedral angles are responsible for the observed
differences (see Table S3 in ESI). With fixed Gd-Gd exchange we have not obtained any good
susceptibility fit (See Figure S5). It explains the importance of Gd-Gd exchange in complexes
3-Gd and 8-Gd.
For 3-Gd and 8-Gd, the DFT-computed J values yielded S = 17/2 and S = 15/2 as the ground
states, respectively (see Figure 6a and 6b). This is in line with the experimental magnetization
saturation (or near saturation) value of ~17 NµB for 3-Gd, but overestimated for 8-Gd (See
Figure S2b). In 3-Gd, the dominant interaction is an antiferromagnetic J4 interaction, which
leads to a spin-down in one of the MnIII ion and second dominant interaction being J2
(ferromagnetic) lead to spin-up configuration for MnIV and GdIII ions. This lead to the S = 17/2
ground state spin configuration as shown in Figure 6c. For complex 8-Gd a similar kind of
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situation is expected, however, competing exchange interactions within the structure leads to
an S = 15/2 ground state (See Figure 6d).

a)

S = 17/2

b)

c)

S = 15/2

d)

Figure 6. Computed energy levels showing low-lying magnetic states for a) complex 3-Gd and
b) complex 8-Gd. The ground state is highlighted in green circles with the values of {3-Gd, S
= 17/2} and {8-Gd, S = 15/2}. DFT-computed high-spin density plots of c) complex 3-Gd and
d) complex 8-Gd. The white and blue colors represent positive and negative spin densities,
respectively.
Mechanism of Magnetization blockade:
We have performed ab initio CASSCF calculations on 1-Dy, 2-Tb, 5-Sm, 6-Nd and 7-Pr using
MOLCAS 8.0 (see computational details) to interpret the anisotropy of the LnIII and the
MnIII/MnIV ions. CASSCF calculations reveal D values of -2.9 cm-1 and -3.0 cm-1 for the MnIII
ions (Mn2 and Mn3, respectively), with a small E/D ratio. These values are in line with those
expected for MnIII ions.50 The D value of the MnIV ion is computed to be +0.5 cm-1. To fully
comprehend the observed relaxation mechanism of these molecules, two sets of calculations
were performed. First, we performed calculations on a mononuclear LnIII fragment to analyse
and understand the magnetic relaxation that originates from the single-ion and second, we
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performed an analysis of the exchange-coupled {MnIVMn2IIILnIII2} system incorporating the
computed anisotropy of the Mn and Ln ions and the exchange coupling. The single-ion analysis
will be discussed first followed by the exchange-coupled scenario. Moreover, we find that the
anisotropy of the MnIII ions alone offers the possibility of SMM behaviour in 4, 8 and 9 (where
the Ln ions do not contribute to the anisotropy) under applied field conditions. A plausible
relaxation mechanism developed using only the exchange coupled states of the Mn ions for
complexes 4-Eu, 8-Gd and 9-Eu is shown in Figure S6. Though the individual single-ion
anisotropy of the MnIII are certainly larger, these axes are non-collinear and thus likely to reduce
the overall anisotropy of the complex. This is reflected in the relaxation mechanism developed
where a negligible energy barrier of 0.13 cm-1 has been computed and this is in line with the
experimental observations.
Dynamics of Magnetization from Single-ion anisotropy of LnIII ions:
We begin our discussion with molecules possessing Kramers ions (complexes 1-Dy, 5-Sm and
6-Nd) and later expand this to complexes containing non-Kramer ions (complexes 2-Tb and
7-Pr).
The g values for each LnIII site in the ground Kramers Doublet (KD) of 1-Dy, 5-Sm and 6-Nd
(labelled as states +1 and -1 in Figure 8) are calculated and shown in Tables 2 and S7. The
computed gzz orientation for the ground-state KD in 1-Dy, 5-Sm and 6-Nd is shown in Figure
7. The g values explain the splitting of the two components of the Kramers doublet in a
magnetic field for 1-Dy, 5-Sm and 6-Nd. For both the LnIII ions, a significant transverse
anisotropy is detected in each complex with the transverse component for Ln1 < Ln2 (see Table
2). This suggests that the two LnIII ions in each complex are in different environments. The
angle between the two gzz axes of LnIII ions is tilted by 40.8 for 1-Dy, 116.3 for 5-Sm and
112.9 for 6-Nd. The large transverse components (gx and gy) of Kramer ions (Dy, Sm and Nd)
suggests that the blockage of magnetization at individual Ln ions could not be achieved due to
fast QTM. The qualitative mechanisms for the magnetic relaxation at each Ln site (Ln1 and
Ln2) of 1-Dy, 5-Sm and 6-Nd are shown in Figure 9. The transverse components are very large
in 5-Sm and 6-Nd in comparison to 1-Dy, which suggests that the single-ion anisotropy of the
LnIII ions in 5 and 6 are unlikely to help magnetization blockade leading to an absence of SMM
behavior for these two molecules. The first excited Kramers doublet (state ±2) lies above the
ground state KDs with an energy gap of 20.5 and 52.3 cm-1 for Dy1 and Dy2, respectively, in
1-Dy; 130.2 and 79.9 cm-1 for Sm1 and Sm2, respectively in 5-Sm; and 143.8 and 103.7 cm-1
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for Nd1 and Nd2, respectively in 6-Nd. In all three cases, the first excited KD also possesses a
large transverse anisotropy (see Tables 2 and S5 in the ESI). The first excited states for Nd III
are found to be the largest among the three complexes, however the ground state wavefunctions
are strongly mixed leading to significant tunneling and this cannot possibly be quenched by an
applied DC field or weak exchange coupling interactions.
Table 2. Low-lying energies (cm-1) and g-tensors of Ln fragments that originate from the
corresponding ground Kramers Doublet in 1-Dy, 5-Sm and 6-Nd.

gx
gy
gz

Complex 1-Dy
Dy1
Dy2
0.0
0.0
20.5
52.3
67.3
103.8
122.2
153.8
197.0
226.8
278.1
303.0
351.0
359.2
419.6
453.7
0.0092 0.0640
0.4340 0.6179
18.7250 18.4073

Complex 5-Sm
Sm1
Sm2
0.0
0.0
130.2
79.9
292.8
212.8
1080.4
1064.9
1197.5
1147.7
1277.9
1224.9
1375.6
1306.6
2353.6
2347.0
0.1220
0.1642
0.2164
0.3226
1.0928
1.1165

a)

Complex 6-Nd
Nd1
Nd2
0.0
0.0
143.8
103.8
201.6
169.8
311.9
289.7
412.1
367.7
2064.0
2059.2
2133.9
2115.8
2170.1
2135.6
0.8975
1.3640
1.8436
2.1029
4.3910
3.9623

b)

Figure 7. Orientations of the local magnetic moments in the ground doublet of complexes a)
1-Dy and b) 2-Tb. Blue arrows show the antiferromagnetic coupling in 1-Dy and ferromagnetic
coupling in 2-Tb of the local magnetic moments of the Ln ions in the ground state. The yellow
arrows are the Dzz direction of MnIII ions.
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b)

a)

c)

d)

f)

e)

Figure 8. The ab initio computed magnetisation blocking barrier for a) the Dy1 site in 1-Dy;
b) the Dy2 site in 1-Dy; c) the Sm1 site in 5-Sm; d) the Sm2 site in 5-Sm; e) the Nd1 site in 6Nd and f) the Nd2 site in 6-Nd. The thick black line indicates the KDs as a function of the
computed magnetic moment. The green/blue arrows show the possible pathway through the
Orbach/Raman relaxation. The dotted red lines represent the presence of QTM and thermally
activated quantum tunnelling of magnetization (TA-QTM) between the connecting pairs. The
numbers provided at each arrow are the mean absolute value for the corresponding matrix
element of the transition magnetic moment.
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Table 3. Low-lying energies (cm-1) and g-tensors of the LnIII fragments that originate from the
corresponding ground Ising doublet in 2-Tb and 7-Pr.

gx
gy
gz

Complex 2-Tb
Tb1
Tb2
0.0
0.0
0.1
0.2
117.4
93.4
117.9
99.0
196.3
145.4
200.5
157.4
253.2
175.6
261.1
217.4
284.0
224.2
0.0000 0.0000
0.0000 0.0000
17.7603 17.6333

Complex 7-Pr
Pr1
Pr2
0.0
0.0
46.2
34.1
71.1
81.2
112.2 92.3
229.2 238.8
361.4 320.3
401.0 341.9
516.3 425.0
528.2 447.7
0.0000 0.0000
0.0000 0.0000
4.3950 4.2573

The g values for each LnIII site in the ground Ising doublets of 2-Tb and 7-Pr are calculated
and shown in Tables 3 and S8. The computed gzz orientation for the ground-state KD in 2-Tb
and 7-Pr is shown in Figure 7. The angle between the two gzz axis of the LnIII ions is tilted by
2.74 for 2-Tb and 21.41 for 7-Pr. In 2-Tb and 7-Pr, the g tensor of the ground Ising doublet
of individual Ln centers is axial with the zero transverse components (gx and gy); however, the
Ln ions are in different environments. The tunneling gaps (Δtun) between the ground state Ising
doublets are large, 8.9 x 10-2 and 0.182 cm-1 for Tb1 and Tb2, respectively, in 2-Tb; and 46.2
and 34.1 cm-1 for Pr1 and Pr2, respectively, in 7-Pr (See Tables 3 and S6). Therefore, from a
single-ion perspective this leads to relaxation of magnetisation through the ground state in 2Tb and 7-Pr, and suggests single-ion anisotropy blockade is not possible in the presence and
absence of DC field.
q

The Crystal-Field (CF, Bk ) parameters for complexes 1-Dy, 5-Sm and 6-Nd are analysed for
deeper insight into the mechanism of magnetic relaxation. The corresponding crystal field
Hamiltonian is given in equation:
ĤCF= 

q

B

k  q

q
k

Õ qk

(3)

where Bkq is the crystal field parameter, while Okq is the Steven’s operator.
The QTM probability of ground state KDs is explained by the parameters. The
computed CF parameters for complexes 1-Dy, 5-Sm and 6-Nd are given in Table S10. The
QTM processes are dominant when the non-axial (in which q ≠ 0 and k = 2, 4, 6) terms are
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larger than the axial terms (in which q = 0 and k = 2, 4, 6). In these complexes, non-axial terms
are larger than axial terms, leading to a larger transverse anisotropy term and fast QTM
relaxation and this has been proved experimentally as well. 51
Dynamics of Magnetization from the Exchange-Coupled {Mn3Ln2} system (Ln = Dy, Tb,
Sm, Nd, Pr): Using the POLY_ANISO program,43 the exchange interactions between
anisotropic lanthanide magnetic centers (LnIII-LnIII, J1), two MnIV-LnIII (J2), two MnIII-LnIII (J3)
and MnIII-MnIII (J4) interactions were simulated within the Lines model.44 The simulated
magnetic exchange interactions of 1-Dy, 2-Tb, 5-Sm, 6-Nd and 7-Pr are shown in Table 4.
The exchange interactions between magnetic ions were calculated based on the lowest states
that were obtained from the ab initio calculations for magnetic sites of both the LnIII ions and
the three MnIII ions.
All the exchange interactions (J1 – J4) of 1-Dy, 5-Sm, 6-Nd and 7-Pr are found to be
antiferromagnetic, while in 2-Tb, the J1 and J2 interactions are found to be ferromagnetic in
nature. The calculations reproduce the magnetic susceptibility and magnetization of 1-Dy, 2Tb, 5-Sm, 6-Nd and 7-Pr well (See Figure 3, top and middle, and Figure S1) with the inclusion
of a small intermolecular interaction (zJ). To reproduce the magnetic susceptibility of 4-Eu
(See Figure 3, middle), only the lowest states of MnIV and two MnIII ions were considered. Due
to the diamagnetic nature of EuIII ions (7F0) only the MnIII-MnIII (J4) exchange is considered
which yielded a J value of -5.8 cm-1. To avoid over parameterization problem while performing
the fit using Line model, we have also performed additional simulations where J1 values are
kept constant to that obtained from DFT estimates and excluded J4 interactions. However, this
yield very poor fit to the experimental data, suggesting a fact that J1 also varies across the series
(See Figure S5 and Table S11 in ESI).
Table 4. The magnetic interactions (cm-1) between magnetic ions in 1-Dy, 2-Tb, 5-Sm, 6-Nd
and 7-Pr.
Complex

POLY_ANISO fitted

1-Dy
2-Tb
5-Sm
6-Nd
7-Pr

J1
J2
J3
J4
zJ
-0.1 -0.01 -0.01 -0.2 -0.01
0.02 0.3 -0.35 -0.45 -0.01
-0.8 -0.5 -0.5 -6.3 -0.01
-0.5 -0.1 -0.2 -5.0 -0.01
-0.8 -0.8 -0.8 -5.8 -0.01
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a)

b)

Figure 9. Low-lying exchange spectrum in a) 1-Dy and b) 7-Pr. The exchange states are placed
on the diagram according to their magnetic moments (bold black lines). The dotted red lines
represent the presence of QTM/TA-QTM between the connecting pairs, and the green/blue
arrows show the possible pathway through the Orbach/Raman relaxation. The numbers at the
paths are averaged transition moments in µB, connecting the corresponding states.
In 1-Dy and 7-Pr, the QTM values between the ground exchange coupled state is computed to
be small (see Figure 9), however, QTM becomes large at the excited states which causes the
magnetic relaxation via these states with a small energy barrier (1.74 and 1.0 cm-1 for 1-Dy and
7-Pr, respectively). Further to this, the non-collinearity between the gzz orientation of the LnIII
ions and the Dzz orientation of the MnIII ions, and the very weak LnIII–LnIII and MnIII/IV–LnIII
interactions lead to the fast reversal of magnetization in these complexes.52 This explains the
lack of a maximum above 1.8 K in the experimental out-of-phase ac magnetic susceptibility
for 1-Dy and 7-Pr (Hdc = 0 Oe). We note that this is the first example of a complex containing
a PrIII ion to display SMM behaviour in the absence of an applied static magnetic field. For
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complexes 2-Tb, 5-Sm and 6-Nd, the QTM probability between the ground and first exchange
coupled state is large. Thus, magnetic relaxation occurs through the ground state with a
negligible energy barrier (see Figure S7 of ESI). We therefore predict from our calculations
that compounds 2-Tb, 5-Sm and 6-Nd do not act as SMMs, which is what we find from the ac
experiment with Hdc = 0 Oe.
We have attempted to utilize Mn-Ln exchange to quench the QTM effects and enhance the
barrier height for magnetization reversal. Although MnIII ions are ideally suited for this purpose
as it possesses significant anisotropy, the nature of the MnIII-LnIII and MnIV-LnIII exchange are
found to be weak in all the examples studied. This is essentially due to the weak mixing of the
3d orbitals of the Mn ions with the lanthanide 4f orbitals. Significant overlap can be expected
for the σ-type dz2 orbital of the MnIII ions and the LnIII 4f orbitals, however the orientation of
the dz2 orbital of the MnIII ion are not favourable for overlap in these examples as they do not
lie along the axis of the bridging ligands connecting the Mn III and LnIII ions (see Figure 1). This
renders the MnIII-LnIII exchange very weak and can quench only weak/moderate QTM effects
observed. Besides the anisotropic axes of the Mn ions are not collinear with the gzz axis of the
LnIII ions triggering faster relaxation and very small barrier height for magnetization reversal.
Conclusions
We have presented a new family of pentanuclear {MnIII2MnIVLnIII2} coordination complexes
(Ln = Dy, Tb, Gd, Sm, Nd and Pr) with a distorted trigonal bipyramidal metal topology that is
obtained by use of a multi-ligand reaction approach. From the magnetic susceptibility data (χMT
vs T) all complexes display net antiferromagnetic coupling, except for 2-Tb and 3-Gd which
show net ferromagnetic coupling. Interestingly complexes 3-Gd and 8-Gd which display the
same metal ion arrangement - {MnIII2MnIVGdIII2} and differ only in the nature of the
carboxylate ligand coordinated; benzoate (3-Gd), o-toluate (8-Gd), reveal a significant
difference in the χMT vs T profile. Fits of the experimental data and a DFT analysis reveal that
the difference stems from the nature of GdIII-GdIII exchange interaction which switches from
ferromagnetic in 3-Gd to antiferromagnetic in 8-Gd. This is due to different Gd-O-Gd angles
and Gd-O-Gd-O dihedral angles between 3-Gd and 8-Gd.
Complexes 1-Dy and 7-Pr show frequency dependent out-of-phase signals indicative of SMM
behavior (Hdc = 0 Oe). We also observe SMM behavior under an applied static dc field of 2000
and 3000 Oe for 2-Tb, 4-Eu, 8-Gd and 9-Eu. Ab initio calculations predict that the origin of
the zero field SMM behaviour in 1-Dy and 7-Pr and the applied field SMM behavior in 2-Tb
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is not solely a consequence of single-ion anisotropies. Using the POLY_ANISO program we
find that the SMM behavior is attributed to very weak MnIII/IV–LnIII and LnIII–LnIII couplings
and unfavorable LnIII/MnIII/IV anisotropy. In addition to the ground-state QTM, the TAQTM/Orbach/Raman process also causes the magnetic relaxation of magnetization at coupled
excited states which lie just few wave numbers above the ground state resulting in a very small
energy barrier. In complexes 4-Eu, 8-Gd and 9-Eu, the anisotropy of MnIII ions solely causes
the SMM behavior under an applied field static field. We predict that the synthesis and analysis
of other transition metals based {TM3Ln2} (for e.g. TM= Cr, Fe and Co) complexes with
modified structural parameters will help to unravel this relationship further and to improve
SMM characteristics in the future.
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