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A single molecule magnet to single molecule
magnet transformation via a solvothermal

process: Fe4Dy, — FegDyz+

Sihuai Chen,? Valeriu Mereacre,*® Christopher E. Anson® and Annie K. Powell**°

Two series of heterometallic Fe"'-Ln"" compounds, [Fel'Ln5'(ps-OH),(mdea)4(m-NO,CeH4COO)gl-3MeCN
where Ln = Y (1) and Dy (2) and [Fel'Ln (i4-O)s(us-O)(mdea)s(m-NO,CeH4COO)s]-3MeCN where Ln =
Y (3) and Dy (4), were synthesized. Compounds 1 and 2 were obtained under ambient conditions,
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and 4 containing Dy

www.rsc.org/dalton Magnetic (SMM) behaviour.

Introduction

The design, synthesis and investigation of polynuclear coordi-
nation clusters have been the focus of intense research activity
because of their interesting electronic and magnetic features,
which include the observation of single molecule magnetic
(SMM) behaviour." Single-molecule magnets (SMMs) are a
class of molecular superparamagnetic metal clusters in which
a high spin ground state and the negative zero-field splitting
of the ground state lead to a slow relaxation of magnetization,
with these effects generally being observed at low temperatures
where quantum tunnelling of the relaxation becomes
blocked.” In the quest for systems showing SMM behaviour
with high blocking temperature and slow relaxation times, a
large number of 3d-4f polynuclear coordination clusters (CCs)
have been studied with the idea that combining the large mag-
netic anisotropy of lanthanide(ur) ions and the high spin-states
of many transition metal ions could provide suitable SMMs.**

In this search, ligands bearing alkoxy groups, which are
capable of both chelating and bridging between metal centres,
such as the N-substituted diethanolamines, and which are
known to lead to polynuclear Fe™ and 4f CCs,>® have been
found to be ideal for stabilising 3d-4f CCs’ due to the fact that
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whereas 3 and 4 were obtained via a solvothermal transformation process by heating 1 or 2 at 120 °C in
MeCN. The magnetic properties of all four compounds have been measured and show that compounds 2
ions exhibit slow relaxation of magnetization characteristic of Single Molecule

the hard-donor oxygens are likely to bind to the oxophilic
lanthanide ions, leaving the softer donor nitrogen to act as the
central tripodal ligand binding the softer transition metal ions
and providing the anchor point for the 3d/4f coordination
cluster. Thus the deprotonated alcohol arms provide chelating
and bridging capabilities and facilitate the formation of high
nuclearity 3d-4f CCs.

From a synthetic point of view, CCs are metastable species
produced by solvolysis of metal ions and are prevented from
reaching the thermodynamic continuous phase end-point
through the availability of encapsulating ligand species.'”
Whereas ambient conditions have been successfully applied to
produce a large variety of CCs, hydro- and solvo-thermal syn-
thesis often leads to coordination polymers and MOFs with
continuous rather than finite 0D structures. However, careful
control of the conditions has been shown to lead to the pro-
duction of finite CC systems.**? This approach appears to be
particularly promising for systems incorporating 4f ions. In
this technique high temperatures are applied to the reactions in
solvents with low boiling points. The resulting compounds
produced under solvothermal conditions may exhibit structural
diversity and unique properties.” For example, we recently
reported two Fej"Dy}" clusters obtained via a solvothermal treat-
ment of two different Fe™-Dy™ compounds produced from
reactions conducted under normal conditions.®*

In this paper, we present the synthesis, structures and mag-
netic properties of two sets of Fe™-Ln™ compounds formulated
as [Fel'Ln}"(u3-OH),(mdea),(m-NO,CgH,COO)s] where Ln = Y (1)
and Dy (2) and [Fef'Ln}"(114-0)s(j15-0)(mdea)s(m-NO,CsH,COO)s]
where Ln =Y (3) and Dy (4), among which compounds 3 and 4
were synthesised via a transformation process by heating 1 or 2
in MeCN under solvothermal conditions, respectively.

This journal is © The Royal Society of Chemistry 2016
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Experimental
General procedures

All chemicals and solvents were obtained from commercial
sources and were used without further purification. All reac-
tions were carried out under aerobic conditions. [Fe}"O-
(m-NO,C¢H,4COO)(H,0);]-(m-NO,CcH,COO0)  was  prepared
according to a previously reported procedure.’® Compounds 3
and 4 were synthesised by sealing the reaction mixtures in
transparent 10 mL Biotage Microwave Reaction Kits (http:/
www.biotage.com) and placing the vials in an oven at 120 °C
under normal solvothermal conditions, rather than under
microwave conditions. Elemental analyses for C, H, and N
were performed using an Elementar Vario EL analyser and
were carried out at the Institute of Inorganic Chemistry, Karls-
ruhe Institute of Technology. IR spectra were recorded on a
Perkin-Elmer Spectrum One spectrometer using KBr pellets.

Synthesis of [Fe,Y,(p;-OH),(mdea),(m-NO,C¢H,COO)s]-3MeCN
@)

A solution of [Fe;O(m-NO,CsH,COO)s(H,0);]-(m-NO,CsH,COO)
(0.164 g, 0.12 mmol), Y(NO;);-6H,O (0.048 g, 0.13 mmol) and
mdeaH, (0.121 g, 0.10 mmol) in MeCN (30 ml) was stirred at
room temperature for one hour. The clear brown solution was
left undisturbed. After one day, yellow crystals were collected,
washed with MeCN and dried in air. Yield: 42% (based on Y).
Anal. Calc. for Cg,Hg,N;504,Fe,Y,: C, 41.81; H, 3.72; N, 8.92;
found C, 41.67; H, 3.74; N, 8.81%. IR (KBr) (cm™"): 2874 (w),
1646 (m), 1617 (m), 1600 (s), 1564 (s), 1531 (s), 1479 (m),
1438 (m), 1396 (vs), 1350 (s), 1328 (m), 1269 (mw), 1158 (mw),
1073 (m), 1023 (w), 999 (mw), 906 (mw), 818 (mw), 788 (m),
762 (w), 724 (s), 653 (mw), 585 (m).

[Fe,Dy,(j1;-OH),(mdea),(m-NO,CcH,CO0)s]-3MeCN (2)

This compound was obtained using the same procedure as
that for 1, but using Dy(NO;);-6H,0 in place of Y(NO;);-6H,O0.
Yield: 10% (based on Dy). Anal. Calc. for C;¢H;gN;,04,Fe Dy,
(corresponding to replacement of lattice MeCN by 2H,0): C,
37.78; H, 3.42; N, 6.96; found C, 37.73; H, 3.24; N, 6.98%.
IR (KBr) (em™"): 3436 (br), 2861 (m), 1616 (s), 1597 (s), 1564 (s),
1531 (s), 1481 (s), 1437 (m), 1396 (vs), 1351 (s), 1270 (m), 1159
(m), 1073 (s), 1023 (m), 1001 (m), 908 (m), 819 (m), 789 (s), 763
(m), 724 (s), 654 (m), 585 (m).

Synthesis of [FesY;(p4-0)s(115-0)(mdea)s(m-NO,C¢H,COO)q ]
3MeCN (3)

A mixture of 1 (0.020 g, 0.01 mmol) in MeCN (2 mL) was
sealed in a 10 mL Biotage Microwave Reaction Kit. The reac-
tion mixture was kept at 120 °C for 72 h. After cooling, the
brown crystals were collected, washed with MeCN and dried in
air. Yield: 27% (based on Y). Anal. Calc. for CggHo1N;4050FesY3
(loss of lattice MeCN): C, 38.48; H, 3.34; N, 7.14; found C,
38.13; H, 3.20; N, 7.07%. IR (KBr) (cm™): 3438 (br), 2862 (m),
1612 (s), 1570 (m), 1531 (s), 1480 (m), 1437 (m), 1404 (s),
1351 (s), 1269 (W), 1160 (W), 1102 (m), 1077 (m), 1034 (w), 998
(w), 907 (w), 827 (w), 788 (w), 723 (m), 653 (W), 604 (W), 578 (w).

This journal is © The Royal Society of Chemistry 2016
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Synthesis of [FesDy;(j14-0)3(p3-O)(mdea)s(m-NO,CsH,COO)s]-
3MeCN (4)

This compound was obtained using the same procedure as
that for 3, but using 2 in place of 1. Yield: 36% (based on Dy).
Anal. Calc. for Co,H;0oN;17050FesDys: C, 36.53; H, 3.26; N, 7.70;
found C, 36.46; H, 3.23; N, 7.52%. IR (KBr) (cm™"): 3430 (br),
3084 (w), 2863 (m), 1612 (s), 1570 (m), 1532 (s), 1481 (m),
1438 (m), 1405 (s), 1351 (s), 1270 (w), 1160 (w), 1102 (m),
1076 (m), 1034 (w), 997 (w), 907 (w), 826 (w), 788 (w), 724 (m),
653 (W), 604 (W), 579 (W).

Physical measurements

X-Ray crystallography. Data for 1 were collected at the SCD
beamline of the ANKA synchrotron, Karlsruhe, Germany, on a
Bruker SMART Apex diffractometer using Si-monochromated
radiation of wavelength 0.80000 A. Data for 4 were collected on
a Stoe IPDS II diffractometer using graphite-monochromated
Mo-Ka radiation. Semi-empirical absorption corrections were
applied. The structures were solved using direct methods, fol-
lowed by a full-matrix least-squares refinement against > (all
data) using SHELXL-2014."" Anisotropic refinement was used
for all ordered non-hydrogen atoms. All hydrogen atoms were
placed in calculated positions using a riding model. Disorder
in the nitrobenzoate ligands was modelled using sets of iso-
tropic atoms of 50% occupancy. Geometrical restraints (SADI) and
constraints (AFIX 66) were applied as necessary. Crystallographic
and structure refinement data are summarised in Table 1.

Crystallographic data (excluding structure factors) for the
structures in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publi-
cation no. CCDC 1429780 and 1429781.

Powder X-ray measurements were made with a Stoe STADI-P
diffractometer using Cu-Ka radiation.

Magnetic magnetic  susceptibility
measurements were collected on a Quantum Design SQUID
magnetometer MPMS-XL. This magnetometer works between
1.8 and 300 K for dc applied fields ranging from —7 to 7 T.
Measurements were carried out on finely ground polycrystal-

measurements. The

line samples constrained with eicosane. The dc magnetic sus-
ceptibility data for compounds 1-4 were collected in the
1.8-300 K temperature range at 1000 Oe. Ac susceptibility
measurements were performed with an oscillating field of
3 Oe and frequencies ranging from 1 to 1500 Hz. The magnetic
data were corrected for diamagnetic contributions of the
sample holder.

Results and discussion
Synthesis and crystal structures

In order to synthesise structurally diverse Fe™-4f aggregates,
an assisted self-assembly approach has been applied often
using Fe'™ carboxylate triangles [Fey'O(RCOO)s(H,0);]" as
starting material."> The topologies of the metastable products
are influenced not only by the metal salts used, but also by the
reaction conditions (temperature, pressure, acidity and so on),

Dalton Trans., 2016, 45, 98-106 | 99
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Table 1 Crystallographic and structure refinement data for compounds 1-4

1 2 3 4
Formula CgoHgsN15045Fe, Y, CgoHgsN15045Fe4 Dy, Co4H100N17050FecY3 Co4H100N17050FesDys
M, 2355.88 2505.11 2868.91 3090.50
Crystal system Monoclinic Monoclinic Triclinic Triclinic
Space group C2/c C2/c P1 P1
T (K) 150(2) 150(2) 298(2) 150(2)
a(A) 31.177(4) 31.1882 13.9126 13.8939(9)
b (A) 15.660(2) 15.6817 16.8878 16.7523(12)
c(A) 20.673(3) 20.7311 24.9901 24.8472(16)
a(®) 90 90 81.858 81.772(5)
B(°) 95.539(2) 94.922 83.118 83.121(5)
y(° 90 90 86.085 85.507(5)
Vv (A%) 10 046(2) 10102 5762.6 5671.5(7)
zZ 4 4 2 2
Deate (g cm™) 1.558 1.810
F(000) 4808 3074
u (mm™) 1.129 2.794
2 (A) 0.80000 0.71073
Data collected 57445 53918
Unique data 11454 20710
Rint 0.0330 0.0992
Parameters 553 1530
R, (I> 20(D)) 0.0778 0.0604
WR, (all data) 0.2302 0.1545
S (all data) 1.029 0.969
Max. diff. peak/hole (e A™) +1.47/-0.93 +1.98/-3.21

the reaction kinetics and the crystallisation conditions. For
example, the reaction of the nbdeaH, ligand with FeCl,, pivalic
acid and Ln(NOs); yielded the hexanuclear {Fe}"Dy3"} cluster."®
However, an analogous cluster with the same {Fe{"Dy5'} core
has been obtained by using [Fe;0]”" triangles coordinated by
benzoic acid with Ln(NOj3); and the same nbdeaH, ligand.®
The reactions of  [Fel'O(m-NO,CsH,COO)s(H,0)s]-
(m-NO,CcH,COO0)/Ln(NO;);/mdeaH, in the molar ratio 1:1:8
in MeCN at room temperature afforded the hexanuclear com-
pounds  [Fe,Ln,(p;-OH),(mdea),(m-NO,CsH,COO)s]-3MeCN,
where Ln =Y (1) and Dy (2). Compounds [FegLn;(j,-O)3(j3-0)-
(mdea)s(m-NO,C¢H,COO)q]-3MeCN, where Ln = Y (3) and
Dy (4), can be synthesised via a solvothermal transformation

[FelL0(m-NO,CH,COO0)s(H,0)s]- (m-NO,CH,CO0)
+ Ln(NOs);-6H,0 + mdeaH,

room

MeCN temperature

‘ [FelLLn!,(u3-OH),(mdea),(m-NO,CgH,COO0)s]
Ln=7Y (1) and Dy (2)

120°C

MeCN solvothermal conditions

‘ [FellsLn, (11,-0)5(13-0) (mdea)s(m-NO,CH,COO),]
Ln=Y (3) and Dy (4)

Scheme 1 A schematic representation of the synthetic routes of com-
pounds 1-4. Details are given in the Experimental section.

100 | Dalton Trans., 2016, 45, 98-106

process by heating 1 or 2 in MeCN under solvothermal con-
ditions for 72 hours, respectively (Scheme 1).

Single-crystal X-ray analysis revealed that compound 1 crys-
tallises in the monoclinic space group C2/c with Z = 4, while
compound 4 crystallises in the triclinic space group P1 with
Z = 2. Crystals of both 1 and 2 are small and weakly-diffracting,
but it was possible to determine the structure of 1 using syn-
chrotron radiation. Compounds 2 and 3 were shown to be iso-
morphous with 1 and 4, respectively, by comparison of their
unit cells with those of compounds 1 and 4. Therefore, the
structures for 1 and 4 are described here in detail as represen-
tative examples.

Compound 1 exhibits the identical {Fe,Y,} core unit to that
previously reported for [Fe,Ln,(p;-OH),(nbdea),((CHs)s-
CCO,)(N3)o]"* and for [Fe,Dys,(ji3-OH),(nbdea)y(CeH5CO,)s)-
MeCN.% In the hexanuclear core of compound 1 there is a but-
terfly shaped central {Fe,Y,} unit, in which the FeY, triangles
are each bridged by a single (u3-OH)™ ligand (O1 or O1'), a syn,
syn-bridging benzoate and a doubly-deprotonated (mdea)>~
ligand, with the two deprotonated oxygens (04, O5 or O4', O5')
forming alkoxo bridges along the Fe---Y edges. The remaining
Fe ions are linked to the tetranuclear core through two
deprotonated oxygens (02, O3 or 02', 03') from a doubly-
deprotonated (mdea)*~ ligand and a syn,syn-bridging benzoate,
respectively (Fig. 1).

The molecular structure of compound 4 consists of a core
of six Fe™ and three Dy™ ions (Fig. 2). One of the p,-O*~
ligands, O1, bridges between Fel and three Dy™ ions (Dy1,
Dy2 and Dy3) to give a distorted tetrahedral {FeDyj;(j1,-O)} unit.
The Fel and Dyl are further linked through two syn,syn-brid-
ging benzoates, while Dy2 and Dy3 are each chelated by a

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Molecular structure of the coordination cluster in [Fe}'Y!(us-
OH),(mdea)4(m-NO,CgH4CO0)g]-:3MeCN (1). Organic H atoms have
been omitted for clarity.

benzoate ligand. The Fe1-O1 distance is 1.8714(1) A, while the
Dy-O1 bond lengths are in the range 2.2691(2)-2.3810(2) A.
The angles between Fel and the three Dy ions are 122.265(6)°
for Fe1-O1-Dy1, 104.032(7)° for Fe1-O1-Dy2 and 103.445(7)°
for Fe1-O1-Dy3, respectively, while the Dy-O1-Dy angles vary
from 107.105(5)° to 110.147(4)°.

The Dy2---Dy3 edge is further bridged by a benzoate oxygen
(015) while the Dy1---Dy3 and Dyl---Dy2 edges are each

View Article Online

Paper

further bridged by other p,-O>" ligands with two further Fe
centres: O2 bridges Dy1, Dy3, Fe2 and Fe3, and O3 bridges
Dyl, Dy2, Fe2 and Fe4. Two peripheral benzoate ligands
provide two syn,syn-bridges between Fe3 and Dy3 or Fe4 and
Dy2, respectively. The only p;-O®>" ligand O4 bridges the
central Fe2 to the final two Fe'" ions (Fe5 and Fe6). Addition-
ally, two further benzoate ligands form two syn,syn-bridges
between Fe5 and Fe6. The remaining ten (mdea)®” oxygens
each form a (p-OR) bridge between the iron and a further
metal centre, thus forming four Fe---Fe and six Fe---Dy bridges.

In contrast to the previously reported isostructural Fe,Ln,
clusters with benzoate®® or t-butylbenzoate' ligands, the nitro-
benzoate ligands in 1 offer additional possibilities for inter-
and intermolecular interactions. Thus the molecular structure
is now further stabilised by intramolecular C-H:--ONO hydro-
gen bonds and electrostatic interactions between nitro N and
O atoms of adjacent nitrobenzoate ligands. The overall crystal
packing is also stabilised by a range of intermolecular
C-H---ONO hydrogen bonds involving C-H bonds from either
nitrobenzoate or diethanolamine ligands. Similar interactions
are found in the structure of 4.

Magnetic properties

The temperature dependence of the dc magnetic susceptibility
data for compounds 1-4 were collected in the 1.8-300 K temp-
erature range under a field of 1000 Oe. For the set of com-
pounds 1 and 2, the dc data summarised in Table S1f show
that the experimental 7 product at 300 K is lower than the
expected value for four Fe™ (S = 5/2, g = 2) and two Ln™ non-
interacting ions. For compound 1 containing diamagnetic Y™
ions, on lowering the temperature the y7 product continuously
decreases until 1.8 K, suggesting the presence of antiferro-
magnetic interactions between the Fe'™ ions (Fig. 3). The
experimental data of 1 were fitted to the expression for the

Fig. 2 Molecular structure (left) and core (right) of the coordination cluster in [FegDys3(j14-O)3(p3-O)(mdea)s(m-NO,CgH4COO)g]-3MeCN (4). Organic

H atoms have been omitted for clarity.

This journal is © The Royal Society of Chemistry 2016

Dalton Trans., 2016, 45, 98-106 | 101


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5dt03909f

Open Access Article. Published on 04 November 2015. Downloaded on 12/5/2025 6:42:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
45 -
35
- A AA“
— A a4
o A A
E -WAAAAAAAAAAAAAAAAAAAA
X 25
(s2) L
e A Fe,Dy,, 2
= A FeY,1
~ [ 4 FeDy,Fe,Y, 21
< 157
5 -
0 50 100 150 200 250 300

T/K

Fig. 3 Temperature dependence of the 4T product at 1000 Oe for 1
(red) and 2 (blue), and the adjusted 4T vs. T plot for compound 2 with
the data of compound 1 subtracted (black). The solid line is the best fit
to the experimental data.

molar susceptibility derived from the Hamiltonian H =
—2J-81-S,. The best fit to the yT vs. T plot gave g = 2.03 and the
exchange parameter / = —7.04 cm™'. This value is close to
those obtained in the reported similar Fe,Y, compound.” The
J value can also be estimated from using the magnetostructural
correlations for dimers using the Fe-O lengths and Fe-O-Fe
angles,” leading to a value of J = —10.3 cm™". These weak anti-
ferromagnetic interactions between Fe ions result in a discre-
pancy between the experimental and calculated y7 products for 1.

For compound 2, the T product decreases on lowering the
temperature, reaching a minimum value at 12 K, and then
slightly increases until 32.6 cm® K mol™" at 1.8 K, which may

60

ik kA Aa AAA LR

Eg 40 + “Muunun“‘AAA““‘A
.
E 30 4 FegDy, 4
= A FeY,3
|:< 20 F 4 Fe.Dy,Fe.Y, 4-3
10 | AAMMM‘“‘AAAAAAAAAAAA““A“
0 1 1 1 1 1 J
0 50 100 150 200 250 300

T/K

Fig. 4
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result from the weak intramolecular ferromagnetic interactions
within the complex (Fig. 3). Since the magnetic behaviour of 1
suggests that the Fe'"-Fe' interactions are antiferromagnetic,
a subtraction of the T product of 1 from 2 was performed to
estimate the magnetic interactions related to the Dy™ ions
(Fig. 3). The shape of the adjusted yT vs. T plot revealed that
the interaction between the two central Dy ions should be
weakly ferromagnetic.

The field dependence of magnetization for 1 at 2 K
confirmed the presence of the dominant antiferromagnetic
interactions between the Fe™ ions, in which the magnetization
only reaches 0.05up even up to 70 kOe (Fig. S1,T top-left). For
2, the magnetization increases with increasing field at low
temperature (2 K, 3 K and 5 K), reaching about 12up without
saturation even at 70 kOe (Fig. S1,T top-right). The lack of satur-
ation indicates the presence of magnetic anisotropy and/or low-
lying excited states in this system. Since compound 2 contains
two antiferromagnetically coupled Fe, units for which the
magnetization at low temperature is close to zero, the value of
12up at 70 kOe is contributed by the weak ferromagnetically
coupled Dy, unit, in which the value for the single Dy" ion in
polycrystalline compounds is expected to be ~5-6yz.

For 3 and 4, the yT value at 300 K is much lower than the
expected value for six high-spin Fe'" (S = 5/2, g = 2) and three
Dy non-interacting ions (see Table S17), respectively, which
indicates strong antiferromagnetic interactions within the
complexes. Upon cooling, y7T values for both compounds con-
tinuously decrease until 1.8 K, confirming the dominant anti-
ferromagnetic interactions within both complexes (Fig. 4, left).
For compound 3 containing diamagnetic Y'" ions, the yT value
of 0.75 em® K mol™" at 1.8 K revealed that at low temperature
the interactions within the five bottom Fe™ ions as well as the
interaction between the Fe'™ pentamer and the single Fe'" ion
(Fe1) are antiferromagnetic. The shape of the adjusted yT vs. T
plot for compound 4 with the data of compound 3 subtracted

suggested that the interactions between the three central Dy™

251

1 1 1 1 1 1 |
0

0 20000 40000

H/Oe

60000

(left) Temperature dependence of the 4T product at 1000 Oe for 3 (red) and 4 (blue), and the adjusted 4T vs. T plot for compound 4 with the

data of compound 3 subtracted (black). (right) Field dependence of magnetization at low temperature for compound 4.
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ions should also be antiferromagnetic (Fig. 4, left). Further-
more, the discrepancy between the y7T values for 3 and 4 at
300 K is 42.7 cm® K mol™". This value is in good agreement
with the expected value (42.5 cm® K mol™") for three non-inter-
acting Dy™ ions.

The field dependence of the magnetization at low tempera-
ture for 3 increases steadily and reaches 6.6u5 at 2 K and 70 Oe
(Fig. S1,T bottom). This value is much lower than the expected
saturation value of 10up for the parallel alignment of the
single Fe'" ion (Fe1) (S = 5/2) spin and the resulting spin state
of the five antiferromagnetically coupled iron ions in the Fe'™
pentamer (S = 5/2). This shows that in spite of the absence of
direct exchange pathways between these spin sources, they still
experience each other and this results in weak antiferro-
magnetic interaction, leading to a lower magnetic moment of
6.6up than the expected 10ug.

The M vs. H data for compound 4 show that the magnetiza-
tion increases with an increase in applied field in two steps at
2 K (Fig. 4, right). First, the magnetization increases sharply,
reaching a step at about 10.1ug at a field of 10 kOe. With a
further increase in applied field, the magnetization increases
rapidly again and approaches a value of 22.0u at 70 kOe. Such
a behaviour indicates the stepwise alighment of spins under
the applied field and the progressive population of the low-
lying excited states. The value 22.0up is in good agreement
with the value expected for three Dy ions in polycrystalline
compounds (~15up) and 6.6up from the (Fes + Fe) unit. The
lack of saturation indicates the presence of magnetic an-
isotropy and/or the low-lying excited states in this system.

The orientation of the main magnetic axes for all three Dy
centers in 4 can be determined by using the program Magel-
lan." Fig. 5 shows that the axes for Dy2 and Dy3 point towards
the Dy1 while the axis for Dy1 points to the center of the Dy;
triangle. Such an orientation leads to an incomplete cancella-
tion of magnetic spins, resulting in a magnetic ground state
for the Dyj; triangle. The type of inflection observed at about
10 kOe is usually observed when the applied magnetic
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field overwhelms weak antiferromagnetic interactions and dic-
tates the orientation of these spins. However, the presence of
very anisotropic Dy ions in this compound makes it difficult to
determine the magnitude of the magnetic exchange inter-
action and to determine which magnetic spins are involved in
this. Another factor here is that the Dy; triangle in 4 does not
necessarily have a nonmagnetic ground state, although the
structural details suggest this given our previous results on tri-
angles with very similar structural features. Thus, although at
small fields (0-10 kOe) its magnetization shows a similar be-
haviour to that seen for the prototype Dys,'® the non-magnetic
state can be excluded since the y7 of 4 at 1.8 K is far from zero
(see Fig. 4, left), indicating a magnetic ground state for the Dy,
triangle. We would need more information concerning the
relative magnitudes of the exchange between Dy-Dy and Dy-Fe
ions to elucidate the origin of the observed inflection.

Due to the magnetic anisotropy present in both sets of
compounds, ac susceptibility measurements were performed
under zero dc fields. There is no out-of-phase signal shown
above 1.8 K for compounds 1 and 3. However, in the case of
compound 2, both temperature- and frequency-dependent in-
phase, ¥/, and out-of-phase, »”, signals are detected, indicating
slow relaxation of its magnetisation. The temperature-depen-
dent y” signals showed no maximum, but some shoulders
were observed, indicating the presence of quantum tunnelling
effects with more than one relaxation process involved in this
system (Fig. S2t). However, clear maxima were observed in the
frequency-dependent y” signals (Fig. 6) and the Cole-Cole
plots (Fig. S31) can be fitted to a generalised Debye function
resulting in @ = 0.05-0.16, demonstrating that there is only one
relaxation process in this system. Fitting the frequency-depen-
dent ac susceptibility data of 2 with an Arrhenius law leads to
the characteristic SMM energy barrier, Uy, of 7.1 K and the
relaxation time, 7o, of 6.4 x 107 s (Fig. S41).

In order to further study this system and check for any
quantum tunnelling effect above 1.8 K, the frequency depen-
dence of the ac susceptibility was measured under different

Fig. 5 Orientation of the anisotropy axes as determined using the Magellan®® program for the Dy'"' centres (Dy1, Dy2 and Dy3) in 4.
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applied dc fields at 1.8 K. As shown in Fig. S5, the maximum
value in the frequency dependent out-of-phase plot increases
from 110 Hz at 500 Oe to a value of 884 Hz at 2000 Oe and
then slightly decreases. This observation suggests that the
magnetic relaxation can be slowed down by the application of
the external dc fields. Thus, ac data were collected with an
applied dc field of 500 Oe and clear maxima were detected on
both »” vs. T (Fig. S6T) and y” vs. v (Fig. 7) data. The character-
istic relaxation times (7) were determined from the frequency
dependence of the out-of-phase susceptibility. Fitting the data
by an Arrhenius law leads to an estimation of the energy gap
Ut = 18.4 K and the relaxation time 7, = 2.0 x 10" s (Fig. S71),
which further confirmed that a small external dc field slowed
down the relaxation time by suppressing quantum tunnelling
of magnetization.

The ac susceptibility measurement for 4 in zero dc field
shows very weak out-of-phase ac signals. However, under a dc
field of 1000 Oe, a clear maximum is detected on the y" vs. v
plot (Fig. 8). Fitting the data by an Arrhenius law leads to an
estimation of the energy gap Uey = 17.1 K and the relaxation
time 7o = 7.4 x 107° s (Fig. S8%).

Conclusions

Four Fe™-Ln™ complexes containing mdea®*” and m-nitro-
benzoic acid ligands have been synthesised and characterised.
The isomorphous compounds 1 and 2 have been prepared
under ambient conditions from the mdeaH, ligand, an [Fe;O]"*
benzoate triangle and lanthanide nitrates, while compounds 3
and 4 were obtained via a solvothermal transformation process
by heating 1 or 2 in MeCN at 120 °C, respectively. The struc-
tural and magnetic properties of all four compounds have
been reported. After subtracting the contribution of com-
pounds 1 and 3 containing diamagnetic Y ions from the T
products of 2 and 4, the shape of the adjusted T vs. T plot
indicates that the Dy™-Dy™ interactions within 2 are weakly
ferromagnetic, while those within 4 are weakly antiferro-
magnetic. The ac magnetic susceptibility of the Fe,Dy,
complex 2 shows both temperature and frequency dependence.
The frequency-dependent data could be fitted to the Arrhenius
law, leading to an energy gap of 7.1 K and the relaxation time
of 6.4 x 107° s. By the application of a 500 Oe dc field, the
energy gap increases to 18.4 K and the relaxation time
decreases to 2.0 x 1077 s, suggesting that the external dc field
can slow down the relaxation time by suppressing quantum
tunnelling of magnetization. Furthermore, compound 4 exhi-
bits out-of-phase ac susceptibility signals, which indicates that
this compound is also a SMM.
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