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Abstract: The synthesis, gas sorption studies, magnetic
properties, and theoretical studies of new molecular

wheels of core type {MnIII
8LnIII

8} (Ln = Dy, Ho, Er, Y and Yb),
using the ligand mdeaH2, in the presence of ortho-toluic

or benzoic acid are reported. From the seven wheels stud-
ied the {Mn8Dy8} and {Mn8Y8} analogues exhibit SMM be-

havior as determined from ac susceptibility experiments in
a zero static magnetic field. From DFT calculations a S = 16
ground state was determined for the {Mn8Y8} complex

due to weak ferromagnetic MnIII–MnIII interactions. Ab
initio CASSCF + RASSI-SO calculations on the {Mn8Dy8}

wheel estimated the MnIII–DyIII exchange interaction as
¢0.1 cm¢1. This weak exchange along with unfavorable
single-ion anisotropy of DyIII/MnIII ions, however, led to the

observation of SMM behavior with fast magnetic relaxa-
tion. The orientation of the g-anisotropy of the DyIII ions is

found to be perpendicular to the plane of the wheel and
this suggests the possibility of toroidal magnetic moments
in the cluster. The {Mn8Ln8} clusters reported here are the
largest heterometallic MnIIILnIII wheels and the largest {3d–

4f} wheels to exhibit SMM behavior reported to date.

Investigations of molecular transition metal and lanthanide co-

ordination complexes have attracted great attention over the
past two decades because of their beautiful molecular archi-
tectures and interesting magnetic properties. Current hot

topics in molecular magnetism include single-molecule mag-
nets (SMMs),[1] the magnetocaloric effect,[2] and molecular spin

structures used in electronic devices (spintronics).[3] Research
into wheel/ring-shaped molecular nanomagnetic materials has

gained momentum in recent years because of their potential
application as functional materials in nanotechnology, with

a particular focus on SMMs, models of one-dimensional chains,

and in the study of quantum-size effects.[4] Furthermore, pio-
neering research by Winpenny and co-workers on polynuclear

chromium wheels, incorporating a single heterometallic 3d ion
aimed towards providing S = 1/2 qubits, has opened up the

possibility of quantum computation from such molecular sys-
tems.[5] To date, few heterometallic Mn–Ln wheels have been

documented, with only one structural example, a family of

{MnIII
4LnIII

4} complexes.[6] Examples of other 3d–4f wheel motifs
include {Fe4Dy4}, {Fe4Ln2}, {Fe5Yb3}, {Fe3Yb2}, {Fe16Ln4}, and

{Fe10Ln10} complexes, all reported by Powell and co-workers.[7]

It is noted that the common denominator in the synthesis of

the above 3d–4f wheel-type structures is in the use of amine
polyalcohol ligands such as triethanolamine and N-n-butyldie-
thanolamine. In recent years some of us have researched, ex-

tensively, the coordinating ability of various amine-based poly-
alcohol pro-ligands, successfully isolating many 3d, 3d–4f, and

4f coordination complexes,[8–10] including a fascinating six-
membered DyIII-metallo wheel, which displayed a toroidal mag-
netic moment.[11] We have therefore used the above prece-
dence and the versatile nature of the pro-ligand N-methyldie-

thanolamine (mdeaH2) towards the formation of novel hetero-
metallic 3d-4f ring/wheel-like molecular complexes. We report
herein the synthesis, gas sorption studies, magnetic properties,
and theoretical studies of a new molecular wheel of core type
{MnIII

8LnIII
8} (Ln = Dy, Ho, Er, Y and Yb), using the ligand

mdeaH2, in the presence of ortho-toluic (o-tolH) or benzoic
acid (benzH). To the best of our knowledge, the compounds

represent the largest MnIII–LnIII heterometallic wheels thus far

reported.
The reactions of Mn(NO3)2·6H2O and Ln(NO3)3·6H2O (LnIII =

Dy, Ho, Y, and Er) or YbCl3·6H2O, with mdeaH2 and ortho-toluic
acid (o-tol) or benzoic acid (benz) in acetonitrile, at ambient

temperature, followed by the removal of the solvent and re-
dissolution in a MeOH/iPrOH or a MeOH/EtOH mixture yielded
single crystals of a family of heterometallic-ring complexes of

general formulae [MnIII
8LnIII

8(mdea)16(o-tol)8(NO3)8] (Ln = Dy (1) ;
Ho (2) ; Y (3) and Yb (4)) or [MnIII

8LnIII
8(mdea)16(benz)8(NO3)8]

(Ln = Ho (5) ; Y (6) and Er (7)). For full experimental details, see
the Supporting Information. It was found that the nature of

the crystallized product was sensitive to the reaction condi-
tions and crystallization solvent employed. If the reaction was
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performed in MeOH, crystals of a planar tetranuclear
{MnIII

2LnIII
2} ‘butterfly’ complex (Figure S1 in the Supporting In-

formation) were grown from MeCN in good yield. The magnet-
ic properties of other {Mn2Ln2} butterfly clusters have been

studied by other groups.[12] The same tetranuclear motif was
also isolated in the solid state when MeCN was used as the re-

action solvent and MeOH (instead of MeOH/iPrOH or MeOH/
EtOH) as the crystallization solvent. Under the above condi-
tions the isolated butterfly complexes are insensitive to the

carboxylic acid used. Though it is often difficult to predict/ra-
tionalize the structure of the solid-state product from a self-as-

sembly method of synthesis, it is clear that the nature of the
solvent(s) influences the outcome of these reactions. Further

to this observation, the reaction is sensitive to the lanthanide
ion selected. It is only possible, when using o-toluic acid as

a co-ligand to isolate the wheel motif when using the later LnIII

ions (DyIII–YbIII), whereas when using benzoic acid as the co-
ligand, HoIII or a higher atomic number is required. For both

co-ligands, however, when the LnIII ion has a lower atomic
number than DyIII a different polynuclear product is isolated,

the structure and properties of which will be reported in due
course.

Compound 1 crystallizes in the tetragonal space group P4/n

(see Table S1 in the Supporting Information for crystallographic
details of 1–7) such that the asymmetric unit constitutes

a quarter of the molecule. Compounds 2–4 crystallize in the
monoclinic space group P2/n, with the asymmetric unit con-

sisting of half of the molecule. Compounds 5–7 crystallize in
the triclinic space group P1̄, with the entire structure found in

the asymmetric unit. The molecular structure of 1–4 and 5–7
are essentially identical, the only difference being the replace-
ment of the ortho-toluate ligand for benzoate; therefore, only

1 is described in detail, and is representative of all complexes.
Compound 1 is a heterometallic hexadecanuclear {MnIII

8DyIII
8}

wheel/ring structure (Figure 1). The oxidation states of the ions
were determined through charge balance and structural con-
siderations and this is also supported by bond-valence sum

(BVS)[13] calculations (Table S2 in the Supporting Information).
The metallic core reveals an alternating arrangement of MnIII

and DyIII ions around the ring. The ring is not planar with a zig-
zag arrangement of two ions up and two ions down (one DyIII

and MnIII) alternating around the ring. At any one time four
MnIII and four DyIII ions are roughly in the same plane

(Figure 1, bottom). All of the metal ions in the complex are
chelated by a [mdea]2¢ ligand through the N atom and the
two O atoms. This resulted in sixteen [mdea]2¢ ligands overall.

For all of these, the two deprotonated O atoms form m2-
bridges to the two adjacent metal ions, resulting in the ring

structure in which adjacent metal centres are primarily linked
by pairs of m2-alkoxo bridges. The DyIII and MnIII ions are then

bridged by eight syn,syn-ortho-toluate ligands. These linkages

are found between two hetero-ions that are either both “up”
or both “down” around the zig-zag arrangement. Additional

peripheral coordination to the DyIII ions is provided by eight
chelating nitrate ions, each coordinating to a single DyIII ion

through two O atoms. The MnIII centres all display Jahn–Teller
octahedral distortions, which are axially elongated, with

a {NO5} coordination sphere, whereas the {NO7} environments
of the DyIII ions reveal distorted triangular dodecahedron geo-

metries. Selected bond lengths and angles for 1 are given in

Table S3 in the Supporting Information.
As is to be expected from the high site symmetry of 1, in

the crystal lattice the metallo-rings are aligned with their prin-
cipal axes co-parallel. The four-fold rotation axes of the mole-

cules are oriented parallel to the crystallographic c-axis (Fig-
ure S2 in the Supporting Information). As a consequence of

the high symmetry it was found that the ring molecules stack

on top of each other, forming two types of channel through-
out the crystal parallel to the crystallographic c-axis (Figure 2).

The first channel runs through the centre of the metallo-rings,
which are stacked on top of each other. The second lies be-
tween four adjacent rings, again running along the c-axis.
Overall there is a void volume of approximately 43 % of the

unit cell volume. The packing for 2–4 is very similar to com-
pound 1. However, because of the lower crystallographic sym-
metry the channel running between adjacent rings is elongat-
ed (Figure S3 in the Supporting Information). Upon lowering
the crystallographic symmetry for 5–7, the channels found in

1–4 are now absent (Figure S4 in the Supporting Information).
The presence of large channels parallel to the tetragonal

axis in 1 prompted a study of the thermal behavior and possi-
bility for gas adsorption properties in this compound (see Fig-
ure S5 in the Supporting Information for full TGA details). To

test for the presence of permanent porosity in the structure,
gas adsorption experiments were undertaken using a sample

of {Mn8Dy8} that had been heated under dynamic vacuum at
100 8C overnight. Despite the presence of a plateau in the ther-

Figure 1. Top: the molecular structure of complex 1. Bottom: side-view of
metal topology found in 1. The solvent and H atoms are omitted for clarity.
Color scheme; MnIII, pink; DyIII, green; O, red; N, blue; C, light grey.
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mogravimetric analysis plot prior to decomposition, we ob-
served no measurable uptake of N2 at 77 K in the range 0–

0.99 atm after desolvation. Similarly, the uptake of CO2 at 273 K
was considerably lower than would be expected for a perma-

nently microporous molecular material, with a maximum
uptake of approximately 8 cc (STP)/g (1.5 wt %) at 1 atm consis-

tent with only particle surface adsorption in an effectively non-

porous material (Figure S6 in the Supporting Information).
Analysis of the material by X-ray powder diffraction immediate-

ly following the gas adsorption experiments suggested that
the material had entirely lost crystallinity (Figure S7 in the Sup-

porting Information) during the activation process, presumably
leading to pore collapse by slipping of the {Mn8Dy8} rings.

Magnetic susceptibility measurements on compounds 1–7
were carried out in the 300–2 K temperature range in an ap-
plied field of 1 T. The variation of the cMT product with temper-

ature revealed similar magnetic susceptibility profiles for all
compounds (Figure 3). The magnetic data are summarized in

Table S4 in the Supporting Information. The monotonic de-
crease of cMT(T) of (1, 2, 4, 5, and 7) from room temperature to

1.8 K is indicative of the depopulation of the excited mJ Stark
levels of the LnIII ions and the likelihood of antiferromagnetic
interactions between the MnIII and LnIII ions. For complexes 3
and 6, containing diamagnetic YIII ions, the cMT product re-
mains constant as the temperature is reduced to �10 K. This is

consistent with negligible spin-orbit effects and the metallic
topology in which the paramagnetic MnIII ions are adjacent to

the diamagnetic YIII ions around the ring. The magnetic ex-

change is, therefore, expected to be small due to the large
MnIII–MnIII distance (see below). Isothermal M versus H plots for

complexes 1, 2, 4 and 7, shown in Figure S8, reveal gradual in-
creases with increasing H at low fields and low temperatures,

with M then increasing linearly at larger fields, without coming
close to a saturation value. This confirms the antiferromagnetic

nature of the MnIII–LnIII exchange interactions (see theoretical
analysis, see below).

The magnetization dynamics were investigated for each

complex by alternating current (ac) susceptibility measure-
ments as a function of both temperature and frequency. A

3.5 Oe oscillating ac field was employed, with a zero static dc
field. No SMM behavior was observed above 1.8 K for

{MnIII
8HoIII

8} (2), {MnIII
8YbIII

8} (4), {MnIII
8HoIII

8} (5), and {MnIII
8ErIII

8}
(7) due to the absence of any frequency and temperature-de-

pendent out-of-phase (cM’’) signals (Figure S9 in the Support-

ing Information). A non-zero out-of-phase susceptibility com-
ponent is observed for {MnIII

8DyIII
8} (1) ; however, the peak

maxima fall below the operating temperature of the magneto-
meter (Figure 4), thus indicating SMM behavior but with fast

magnetic relaxation times. Interestingly, the same susceptibility
profile was observed upon application of a 2000 Oe static dc

field (Figure S10 in the Supporting Information). SMM behavior
was also observed for the two {MnIII

8YIII
8} complexes 3 and 6

(Figure S11 in the Supporting Information), displaying a similar
profile, albeit with smaller cM’’ values compared to 1.

Figure 2. Perspective view of the packing of 1. It is found that two types of
channels are parallel to the crystallographic c axis.

Figure 3. cMT versus T for 1–7, with a dc field of 1 T. The solid blue line is
the DFT calculated plot for complex 3.

Figure 4. Plot of cM’’ versus T at the frequencies indicated for 1with Hdc = 0.
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To fully understand the magnetic properties of 1 and 3, DFT
and ab initio calculations were performed. The magnetic be-

havior of 1 is determined by the following factors: 1) the
single ion anisotropy of the MnIII centres; 2) the single ion ani-

sotropy of the DyIII centres; 3) the MnIII–DyIII nearest-neighbor
exchange interactions, and 4) the MnIII–MnIII next-nearest
neighbor exchange interaction.[9b] For complex 3, the prevail-
ing factors are (1) and (4) as the YIII ion is diamagnetic. To esti-
mate the MnIII–MnIII exchange, we have computed the magnet-

ic exchange on the full structure of 3 using the B3LYP/TZV
setup (see the Supporting Information for full computational
details). The calculation yielded ferromagnetic exchange inter-
actions between the two MnIII centres, with the J value esti-

mated to be + 0.43 cm¢1. The spin density plot of the HS spin
state is shown in Figure 5. It reveals spin polarization along the

MnIII Jahn–Teller axis and spin delocalization along other axes

as previously witnessed for other MnIII ions.[14,15a] A ferromag-
netic MnIII–MnIII interaction suggests that complex 3 possesses
a S = 16 ground state, the largest reported for any heterome-

tallic wheel structure; however, larger S values were reported
for homoleptic MnIII wheels.[15] The DFT calculated J value with

a very small intermolecular interaction, (zJ =¢0.01 cm¢1) result-
ed in an excellent fit to the susceptibility data (see Figure S12

in the Supporting Information). Several excited states of lower

S values are found to lie only �2 cm¢1 higher in energy (see
Figure S13 in the Supporting Information). These nested

energy levels lead to unsatisfactory fits to the M versus H data.
CASSCF calculations using MOLCAS 7.8[16a] reveal that the D

values for each MnIII ion lie in the range of ¢3.4 to
¢3.9 cm¢1,[14a,15a, 17] with a small E/D ratio (see the Supporting

Information for computational details and Table S5 for the
evaluation of the D values using MOLCAS/ORCA suite[18]).

These values are in line with that expected for MnIII ions.[14] The
Jahn–Teller axes around the wheel are found to be close to

perpendicular to each other and this is likely to result in a very
small D value for the S = 16 ground state. This along with the

very small exchange parameter J explains the fast magnetic re-
laxation rate and weak SMM behavior observed for 3.

As the ac profile for complexes 1 and 3 are different, it rules

out the possibility that the SMM behavior in the {Mn8Dy8} com-
plex 3 originates from the MnIII anisotropy alone. Thus, we
have explored the anisotropy of DyIII sites as a second source
of magnetic anisotropy. We first examined the structural distor-

tions at individual DyIII sites using SHAPE software.[19] The ge-
ometry of each DyIII ion is best described by a triangular do-

decahedron. The deviation of 3.2 for Dy1, Dy3, Dy5, and Dy7

and 2.9 for Dy2, Dy4, Dy6, and Dy8 are observed with respect
to the ideal triangular dodecahedron. This clearly suggests that

there are only two types of non-equivalent DyIII ions (described
by odd and even numbers, see Figure 1 for the labeling

scheme) in this structure. To fully understand the single-ion re-
laxation process, we have undertaken CASSCF + RASSI-SO cal-

culations to compute the anisotropy of the DyIII ions using

MOLCAS 7.8.[16a] This methodology has been utilized earlier by
us to study a number of Dy(III)/Er(III) SMMs.[16b–g] Even though

there are only two crystallographic nonequivalent DyIII centers,
we performed the calculations on all eight DyIII ions to deter-

mine the direction of the local anisotropy axis (see the Sup-
porting Information for computational details). The results of

the calculations yield anisotropic g values for Dy1 of gx =

0.3101, gy = 0.8721, and gz = 18.5386, whereas Dy2 yields
values of gx = 0.1414, gy = 0.3421,and gz = 19.1346 (Tables S6

and S9 in the Supporting Information). It was then found that
the odd-numbered DyIII ions possessed anisotropic values simi-

lar to Dy1 and the even-numbered DyIII ions are similar to Dy2
(Table S6 in the Supporting Information), reflecting the struc-
tural distortion estimated using SHAPE. For each distinguisha-

ble DyIII environment, however, a significant transverse aniso-
tropy is detected, with the transverse component for Dy1>
Dy2. The computed energies of the eight low lying Kramers
doublets (KDs) also reflect that there are two types of DyIII ions
in the complex (see Tables S7 and S8 in the Supporting Infor-
mation). The energy gap between the ground and the first ex-

cited state KDs are found to be 65.1 and 90.7 cm¢1 for Dy1
and Dy2, respectively.

A qualitative mechanism for the magnetic relaxation for the

Dy1 and Dy2 sites obtained from the ab initio calculations is
shown in Figure 6. The KD states are arranged according to

the values of the mean absolute value of the matrix elements
of the transition magnetic moments between the correspond-

ing states. The calculated barrier to magnetic reorientation

suggests a significant quantum tunnelling (QTM) relaxation
mechanism between the ground state KDs for Dy1 (and thus

all odd-number DyIII ions). For Dy2, on the other hand, the
ground-state tunnelling probability is lower, and the relaxation

is expected to occur through both ground-state QTM and ther-
mally assisted QTM via the first excited state KDs (also Orbach/

Figure 5. Spin density plot computed for complex 3. The white and blue
colors represent positive and negative spin densities, respectively.
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Raman process are operational). For this DyIII site, application
of a static dc field is expected to quench the QTM between

the ground state KD, however the same susceptibility profile

was observed upon application of a 2000 Oe dc field suggest-
ing that the observed relaxation is not solely single-ion in

origin.
Using the POLY ANISO program[20] the MnIII–DyIII magnetic

exchange is estimated to be ¢0.1 cm¢1 (see Figure S14 in the
Supporting Information for details). This suggests an alternate

spin-up, spin-down for the neighboring ions leading to all the

DyIII ions pointing up and MnIII ions pointing down, leading to
a spin polarization. The ground-state tunnelling for the ex-

change coupled state is computed to be small (1.7 Õ 10¢5 in
the Supporting Information for details) ; however, the first ex-

cited exchange-coupled state lies just 1.7 cm¢1 higher in
energy, leading to very fast relaxation for the exchange cou-
pled complex. Further to this, the absence of Ising-type DyIII

sites (significant gx and gy values) with a very weak MnIII–DyIII

interaction leading to the MnIII ions acting as independently re-
orienting magnetic moments at lower temperatures. This acts
as a fluctuating magnetic field, which causes the fast reversal

of the DyIII magnetization.[21] All of these factors rationalizes
the fast relaxation data (QTM relaxation) observed from the ac

experiment.
The computed anisotropy direction of the DyIII ions along

with the Jahn–Teller axis of the MnIII are shown in Figure 7. The

gzz anisotropy at the DyIII sites were found to lie perpendicular
to the plane of the wheel and were found to lie along the ~C4

axis present at the centre of the wheel with some degree of
tilt (Figure S15 in the Supporting Information). Due to the

asymmetry in the structure (two-up, two-down arrangement),

the anisotropy axis of neighboring DyIII ions point towards
each other, creating a projected magnetic axis for a pair of DyIII

ions, which is expected to lie along the C4 axis. Although not
all the gzz axes create a circular pattern as observed in {Dy3} tri-

angles[22] or the {Dy6} wheel complex,[11b] the projected mag-
netic moment due to gzz being perpendicular to the plane of

the wheel suggests mixed single
molecule toroidal (SMT) behav-
ior.[20a, 23]

In summary, we report

a family of seven MnIII–LnIII

wheels that have the largest nu-
clearity known in the literature.
These complexes have been
thoroughly characterized by ex-

perimental and theoretical stud-
ies. The presence of fast magnet-
ic relaxation and weak SMM be-
havior observed in the {Mn8Dy8}

wheel is attributed to very weak
MnIII–DyIII coupling and unfavora-

ble DyIII/MnIII anisotropy. The gzz

anisotropy of the DyIII ions in
1 was found to be perpendicular

to the plane of the wheel and the computed orientation sug-

gests the possibility of mixed toroidal behavior.
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Figure 6. The ab initio computed magnetization blocking barrier for a) the Dy1 site and b) the Dy2 site. 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 value
for the corresponding matrix element of transition magnetic moment.

Figure 7. The directions of the local anisotropy axes in the ground Kramers
doublet on each Dy site (blue arrows) in 1. The yellow arrows are JT axes of
MnIII ions and the black dotted line is the C4 axis of 1.
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