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The initial employment of triketone ligand in 4f coordination chemistry afforded a series of dinuclear 

complexes. The magnetic studies revealed that antiferromagnetic interaction exists in digadolinium(III) 

compound, while the dysprosium(III) constructed complex exhibits single-molecule magnet (SMM) 

behaviour at low temperature with energy barrier of 86.8 K. 

Introduction 10 

The design of new single-molecule magnets (SMMs) has long 
been of great interest in the race for high energy barrier (∆Ea) and 
blocking temperature (TB) SMMs.1 In recent years, a growing 
amount of literatures have been demonstrated that the key factors 
of SMMs lie in paramagnetic sources and suitable crystal fields 15 

of central ions.2 To date, the best candidate of the former factor is 
Dy(III) ion, which exhibits a Karmers ground state of 6H15/2, and 
has been employed to construct various kind of SMMs.3 While, 
the crystal fields mostly depend on local symmetry of 
coordination spheres. More recently, a special class of β-20 

diketonate lanthanide complexes that possess SMMs behavior 
with large energy barriers were presented based on Dy ions with 
the composition of Dy(β-diketonate)3[cap/(H2O)2], where cap 
stands for capping ligands.4 It was structurally confirmed that the 
β-diketonates in these compounds act as both chelating ligands 25 

via two oxygen atoms and matched anions, and the central Dy 
ions were situated in an approximate D4d local symmetry, 
enabling the compounds functioning as SMM. 

This kind of single-ion magnets (SIMs) containing Dy ions 
usually exhibit large energy barriers and high blocking 30 

temperature, both of which are crucial for the advancement of 
single-molecule data storage and processing technologies.1c,1d 
Given the remarkable progress of β-diketonate-Dy strategies, we 
wonder whether the ∆Ea or TB can be significantly enhanced via 
the combination of two β-diketonate-Dy moieties, which possess 35 

excellent SIM properties.4 In this regard, to extend SMMs from 
mononuclear to dinuclear while maintaining the local symmetry 
as much as possible seems to be an appealing task to us. The 
simplest, as well as the most efficient approach is the addition of 
carbonyl group to β-diketonate ligand. With this in mind, in this 40 

paper, we selected 1,1,1,7,7,7-hexafluoroheptane-2,4,6-trione 
(H2hfht) as primary ligand and 1,10-phenanthrene (phen) as 
capping ligand to construct new SMMs. 

Experimental Section 

General. All starting materials were commercial available and at 45 

least A.R. Grade. All solvents were purified using standard 
methods and redistilled before use. 1,1,1,7,7,7-
hexafluoroheptane-2,4,6-trione (H2hfht) was synthesized 
according to the literature reported and after slightly 
modification.5 Fourier transform IR (FTIR) spectra were recorded 50 

with a Thermo Scientific Nicolet 6700 spectrophotometer with 
ATR module using the reflectance technique (4000-600 cm-1). 
The purities of polycrystalline samples adopted in magnetic 
measuring were confirmed by IR spectra and elemental analysis. 
All magnetization data were recorded on a Quantum Design 55 

MPMS-XL SQUID magnetometer equipped with a 7 T magnet. 
The variable-temperature magnetization was measured with an 
external magnetic field of 1000 Oe in the temperature range of 2-
300 K and frequency dependent ac susceptibility was measured 
with an oscillating field of 3.0 Oe The experimental magnetic 60 

susceptibility data are corrected for the diamagnetism estimated 
from Pascal’s constants. Powder X-ray diffraction measurements 
of complexes 3-9 were recorded on Bruker D8 advance X-Ray 
diffractometer using CuKα radiation. 

 65 

Fig. 1 Molecular structure of Dy2(hfht)3(phen)2 (1), disordered fluorine 
atoms and hydrogen atoms are omitted for clarity. 

Synthesis of complex Dy2(hfht)3(phen)2 (1): 75 mg H2hfht (0.3 
mmol) was added to a 25 mL methanol solution containing 91.2 
mg (0.2 mmol) Dy(NO3)3·5H2O with continuous stirring. After 70 
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that, 0.6 mL triethylamine in methanol (1.0 mol·L-1) was added to 
this mixture, and followed by 39.0 mg (0.2 mmol) phen 
monohydrate. The resulting solution was stirring for one hour and 
filtered, the filtrate was allowed to stand at room temperature for 
one week. Block-shaped crystals suitable for single crystal 5 

analysis were formed by slow evaporation of solvent and 
collected by careful filtration. Yield: 104.6 mg (73.2%). IR 
spectra (cm-1): 1615(s), 1551(s), 1536(w), 1495(s), 1424(m), 
1389(w), 1347(w), 1269(vs), 1184(vs), 1114(vs), 1037(vw), 
985(s), 886(s), 864(w), 844(m), 819(s), 778(w), 755(w), 722(s). 10 

Elemental analysis found (calc)% for complex 1: C: 37.45 
(37.81) H: 1.57 (1.55) N: 3.86 (3.92). 
Synthesis of complexes 2-10 (Ln2(hfht)3(phen)2 Ln = Nd(2), 
Sm(3), Eu(4), Gd(5), Tb(6), Ho(7), Er(8), Tm(9), Yb(10)): 
Complexes 2-10 were synthesized according to a similar process 15 

of complex 1, using corresponding lanthanide nitrate hydrate as 
starting materials instead of Dy(NO3)3·5H2O. IR spectra and 
elemental analysis data of these nine complexes are provided in 
Supporting Information. 

Table 1 Crystallographic parameters of complexes 1, 2 and 10. 20 

Compound name 1 2 10 

Chemical formula C45H22Dy2F18N4

O9 
C45H22F18N4Nd2

O9 
C45H22F18N4O9 

Yb2 
Formula Mass 1429.66 1393.14 1450.74 
a/Å 12.076(3) 11.241(2) 12.0714(6) 
b/Å 29.138(6) 11.485(2) 29.1600(14) 
c/Å 13.369(3) 21.149(4) 13.3336(7) 
α/° 90 75.515(3) 90 
β/° 92.286(4) 74.784(4) 92.2480(10) 
γ/° 90 67.553(3) 90 
Unit cell volume/Å3 4700.4(18) 2400.6(8) 4689.8(4) 
Temperature/K 296(2) 296(2) 296(2) 
Space group P21/n P1̄  P21/n 
No. of formula units 
per unit cell, Z 

4 2 4 

Absorption 
coefficient, µ/mm-1 

3.287 2.269 4.096 

No. of reflections 
measured 

26591 15156 29005 

No. of independent 
reflections 

8418 9487 9214 

Rint 0.1408 0.0229 0.0375 
Final R1 values (I > 
2σ(I)) 

0.0859 0.0332 0.0294 

Final wR(F2) values 
(I > 2σ(I)) 

0.2112 0.0688 0.0597 

Final R1 values (all 
data) 

0.1537 0.0506 0.0426 

Final wR(F2) values 
(all data) 

0.2688 0.0787 0.0649 

Goodness of fit on F2 0.984 1.015 1.024 

 

Table 2 The range of bond lengths in complexes 1, 2 and 10. 
 (Ln-N) /Å (Ln-O) /Å 
Complex 2 (Nd) 2.586-2.642 2.294-2.560 
Complex 1 (Dy) 2.501-2.562 2.229-2.452 
Complex 10 (Yb) 2.474-2.528 2.199-2.423 

 
X-ray Crystallography: Single-crystal X-ray diffraction 
measurements of the title complexes were carried out on a Bruker 25 

Apex II CCD diffractometer with graphite monochromated 
MoKα radiation (λ = 0.71073Å) at 293 K. The structures were 
solved by direct methods and refined on F2 with full-matrix least-
squares techniques using SHELXL-2013 programs. The locations 

of lanthanide atoms were easily determined, oxygen, nitrogen, 30 

and carbon atoms were subsequently determined from the 
difference Fourier maps. Anisotropic thermal parameters were 
assigned to all non-hydrogen atoms. Severely disordered fluorine 
atoms in trifluoromethyl groups were divided into two parts, 
some restrains (ISOR, DFIX, SIMU) were used in refinement to 35 

bring these molecules into reasonable models. The hydrogen 
atoms were introduced in calculated positions and refined with a 
fixed geometry with respect to their carrier atoms. 
Crystallographic data and refinement details are given in Table 1. 
CCDC 1000270 (2), 1000271 (1) and 1000272 (10) contain the 40 

supplementary crystallographic data for this paper. These data 
can be obtained free of charge from the Cambridge 
Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. 

45 

 

Fig. 2 Powder XRD analysis of complexes 3-6 (top) and 7-9 (bottom). 
The black line is simulated data from single crystal data of 1. 

Results and Discussion 

Crystal Structure. According to single-crystal X-Ray diffraction 50 

analysis, complex 1 crystallizes in monoclinic space group P21/n, 
possessing a dinuclear unit. As shown in Fig. 1, one molecule of 
complex 1 consists of two central Dy ions, three hfht dianion 
moieties and two chelating phen ligands. The hfht dianion act as a 
doubled bidentate ligand, linking two Dy ions together. Each Dy 55 

ion is eight-coordinated by six oxygen atoms from hfht moieties 
with Dy-O bonds lengths in the range of 2.229-2.452 Å, and two 
nitrogen atoms from one capping phen ligand with Dy-N bond 
lengths from 2.501 to 2.562 Å, which is comparable to previously 
reported complexes.4a,4c The coordination sphere of Dy1 ion can 60 

Page 2 of 7Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 

be described as square antiprism, while Dy2 ion is situated in 
distorted dodecahedron with triangular faces.6 Within this 
molecule, two Dy ions are connected by three µ2-O atoms coming 
from three hfht dianions with the Dy···Dy intramolecular length 
of 3.650 Å, while the shortest Dy···Dy intermolecular distance is 5 

8.800 Å (Fig. S1). In addition, this dinuclear unit is surrounded 
by the severely disordered fluorine atoms of the trifluoromethyl 
groups, and consequently each dinuclear unit is well isolated. The 
atoms in hfht moieties, except fluorine atoms, are nearly coplanar, 
indicating a strong conjugated nature of the hfht dianions. 10 

For complex 2, the replacement of Nd ion made the space 
group changed from P21/n to P-1. However, the unsymmetric 
unit remains similar to Dy2 aggregate of complex 1, except for 
some tiny changes in bond lengths and angles owing to the 
radius’ difference of lanthanide ions. As listed in Table 2, the 15 

bond lengths of both Ln-O and Ln-N decrease with the sequence 
of Nd, Dy and Yb, which can be attributed to the lanthanide 
contraction.3j As shown in Fig. 2 and S2-S8, the structures of 
complexes 3-9 are identified well by powder X-ray diffraction, 
the coincidences between the experimental peak positions and 20 

simulated patterns of complex 1 strongly suggest that these seven 
complexes are isomorphic to complexes 1 and 10. 

 
Fig. 3 The χMT versus T curve for complex 1, the inset is magnetization 
curves for complex 1 at the temperature of 1.9, 3.0 and 5.0 K, 25 

respectively. 

Static magnetic properties of 1. The temperature dependence of 
the magnetic susceptibilities in the form of χMT versus T plots for 
complex 1 in the temperature range of 300-2.0 K are shown in 
Figure 3. At room-temperature, the observed χMT value is 27.95 30 

cm3 K mol−1, which shows agreement with two uncoupled Dy 
ions in 6H15/2 ground state with g = 4/3 (28.35 cm3 K mol−1).7 On 
cooling, the χMT value decreases smoothly, which could ascribe 
to the depopulation of Stark sub-levels and/or antiferromagnetic 
interactions between two Dy ions.3b,8 Below 50 K, it begins to 35 

decrease sharply and reaches a minimum of 22.48 cm3 K mol−1 at 
2.0 K. 

The magnetization curves of complex 1 in the field range of 0-
70 kOe at different temperatures are shown in inset of Fig. 3. The 
maximum value at 1.9 K reaches 10.43 µB, which is far from the 40 

saturation value (20 µB) and possible due to the crystal-field 
effects and the low-lying excited states.3a Furthermore, M versus 
H/T curves at different temperature do not show coincidence at 
high field range, indicating the presence of magnetic anisotropy 
in Dy ion.9 

45 

Static magnetic properties of 5. In order to study the 

magnetic coupling between the two metal ions in this unit, Gd 
ions with the absence of orbital angular momentum are 
introduced to replace the anisotropic Dy ions. Isostructural 
complex Gd2(hfht)3(phen)2 (5), identified by powder XRD 50 

analysis, was obtained and its temperature dependence of the 
magnetic susceptibilities were also measured under 1000 dc field 
in the temperature range of 300-2.0 K. As shown in Fig. 4, at 
room temperature, the observed χMT value is 15.92 cm3 K mol−1, 
which is slightly higher than two uncoupled Gd(III) ions (f 7 55 

electron configuration, g = 2.00, χMT = 7.88 cm3 K mol−1). With 
the decreasing temperature, the χMT value essentially keeps as a 
constant above 20 K, and begins to sharply decrease and reaches 
a minimum of 9.83 cm3 K mol−1 at 2.0 K. Magnetization curve 
for complex 5 at 1.9 K is also shown in inset of Figure 4, 60 

possessing a saturated value of 14.05 µB, which coincides well 
with the theoretical value 14.00 µB (g = 2.00). 

The dc magnetic behavior of complex 5 was quantitatively 
analyzed by adopting the spin Hamiltonian Ĥ = -2JŜGd1ŜGd2 + 
gβH(ŜGd1 + ŜGd2). Best fit to this experimental data provided us 65 

with the parameters of g = 2.02 and J = -0.058 cm-1 (R2 = 0.9982). 
The negative J value indicates weak antiferromagnetic coupling 
between two Gd(III) ions. 

 

Fig. 4 The χMT versus T curve for complex 5, the red line is the best 70 

simulation with the parameter of g = 2.02, J = - 0.058cm-1, the inset is 
magnetization curve for complex 5 at 1.9 K, showing saturation value of 
approximate 14.0 µB. 

Static magnetic properties of other complexes. Fig. 5 
presents the χMT versus T curves of the rest complexes. As listed 75 

in Table 3, the χMT values at room temperature agree well with 
their corresponding theoretical ones. Like the magnetic properties 
of complex 1, the χMT values of all complexes descend more or 
less with the decreasing of temperature, which also ascribe to the 
depopulation of lanthanide’s Stark sub-levels. 80 

For complex 3, in which the Sm ion’s first or even higher 
excited state 6H7/2, 

6H9/2, ···, 
6H15/2 can be obviously populated at 

room temperature,10 the χMT value observed at room temperature 
is significant larger than the theoretical one. On cooling, χMT 
value decreases continuously to a minimum of 0.062 cm3 K mol−1 85 

at 2.0 K. Assuming that the effect of crystal fields are negligible, 
the magnetic susceptibilities can be treated as a function with the 
spin-orbit coupling parameter λ and molecular field parameter zj’, 
which roughly stand for the magnetic exchange of two Sm ions 
within one molecule. The best simulation (Fig. S9) in the 90 

temperature range of 50-300 K provided us with the parameters 
of λ = 224.3 cm-1, g = 0.33, zj’ = -2.68 cm-1, the negative zj’ value 
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indicates antiferromagnetic coupling between two Sm ions. 
Similar to complex 3, complex 4, which should be diamagnetic 

according to the ground state 7F0 (J = 0) of Eu ions, exhibits a 
nonzero χMT value of 2.935 cm3 K mol−1 at room temperature, 
indicating a thermal population on the exited state of 7F1, 

7F2, ···, 5 

7F6. While the gradual decline of the χMT value on cooling 
ascribes to the thermal depopulation of the excited states. The 
best simulation in the whole temperature range gives us the 
parameters of λ = 346.9 cm-1, g = 0.79, zj’ = 1.38 cm-1 (Fig. S10). 
This positive zj’ value suggests that ferromagnetic interaction 10 

between two Eu ions may exist in this compound. 

 
Fig. 5 Temperature dependence of χMT versus T plots at 1000 Oe for 2-4, 
10 (top) and 6-9 (bottom). 15 

Table 3. Experimental value of χMT at 300 K for complexes 2-4, and 6-10 

Complex Complex 2 Complex 3 

Theoretical value (cm3Kmol-1) 3.28 0.188 

Experimental (cm3Kmol-1) 3.12 0.639 

Complex Complex 4 Complex 6 

Theoretical value (cm3Kmol-1) ~3.1 23.62 

Experimental (cm3Kmol-1) 2.935 23.49 

Complex Complex 7 Complex 8 

Theoretical value (cm3Kmol-1) 28.12 22.95 

Experimental (cm3Kmol-1) 28.94 22.90 

Complex Complex 9 Complex 10 

Theoretical value (cm3Kmol-1) 14.30 5.14 

Experimental (cm3Kmol-1) 14.31 4.63 

 

In these anisotropic dinuclear compounds, three factors may 
influence the thermal evolution of χMT values: Firstly, the 
depopulation of mj levels on lowering the temperature should be 20 

the primary contributor to the decline of the χMT value at high 
temperature range. Secondly, the intramolecular magnetic 
coupling between the two lanthanide ions via three µ2-O atoms 
affect the χMT value significantly at low temperature. Thirdly, 
through the space, there may also exist intermolecular 25 

interactions, but should be rather weak and negligible because the 
dinuclear aggregates are well isolated. As shown in Fig. 5, below 
5 K, the χMT value of complex 8 increases with the decreasing 
temperature at low temperature, which is possibly due to the 
presence of ferromagnetic interaction between two Er ions. 30 

 

 
Fig. 6 Frequency dependence of the real (top) and imaginary (bottom) 
components of the ac magnetic susceptibilities for 1 under zero dc field in 
the temperature range of 1.9-27 K. The lines are guides for the eyes. 35 

Dynamic magnetic properties of 1. The frequency 
dependence of ac susceptibility for complex 1 was carried out at 
the temperature range of 1.9-27 K under zero dc field. As shown 
in Fig. 6, below 17 K, the imaginary components exhibit obvious 
peak values that vary with frequency and these peaks move 40 

gradually to high frequency as the temperature increases. 
The magnetization relaxation times in the form of lnτ, derived 

from ac measurements, versus T-1 are listed in Fi. 7. Fitting these 
data on high temperature range using Arrhenius law provided us 
the energy barrier of 86.8 K and the pre-exponential factor τ0 = 45 

1.17×10-7 s, that is comparable to mononuclear complexes based 
on Dy ion and various kinds β-diketonates. Below 3.0 K, the 
relaxation times keep as a constant around 4.5×10-2 s, which 
indicates a pure quantum regime in low temperature range and 
also explains why obvious hysteresis loop could not be observed 50 

with the sweeping rate of a traditional magnetometer.4b,4c 

The ac data in the form of Cole-Cole plots of complex 1 are 
shown in Figure 8, where each curve shows almost semi-circular 
shape. Generalized Debye model are employed to fit these data 
and the obtained α values drop in the range of 0.04-0.25, which 55 

strongly suggests SMM behavior.11 Furthermore, as temperature 
increases from 3.0 to 13 K, the fitted α value are also decreased 
gradually from 0.167 to 0.025. 

The dynamic magnetic properties of other anisotropic 
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dinuclear complexes were also measured under zero dc field at 
the frequency of 1000 Hz (Fig. S11-S18). However, on obvious 
out-of-phase ac signals were observed for these complexes. 

 
Fig. 7 lnτ vs. T-1 plot for 1 under zero dc field. The red line is fitted with 5 

the Arrhenius law. 

 
Fig. 8 Cole–Cole plots of 1 under zero dc field in the temperature range 
of 1.9-27 K. The red lines are the best fits with an extended Debye model. 

Conclusions 10 

In summary, in our efforts to rationally design SMMs, the initial 
employment of fluorine substituted triketone in 4f coordination 
chemistry has yielded a new family of dinuclear complexes. To 
our best knowledge, these are the first series of lanthanide 

complexes based on triketone ligand. Complex 1 exhibits SMMs 15 

behavior with energy barrier of 86.8 K. The present study 
demonstrates the potential of the completely unexplored triketone 
ligand in the design of 4f SMMs. The use of triketone has been 
indicated as a promising strategy thanks to its excellent chelating 
and bridging abilities and will definitely initiate further studies 20 

towards the rational design of SMMs using polyketones and their 
derivatives. 
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The use of completely unexplored triketone ligand in 4f coordination 
chemistry has afforded a new dinuclear dysprosium(III) SMM. 
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