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ABSTRACT: Three new LnIII complexes based on 2,2′-bipyridine [Ln(hfac)3(bpy)] (Ln = Dy
(1), Tb (2), or Ho (3); hfac = hexafluoroacetylacetonate; and bpy = 2,2′-bipyridine) have been
synthesized and characterized structurally and magnetically. Single-crystal X-ray analysis shows
that all these complexes contain one [Ln(hfac)3(bpy)] unit in which a center LnIII ion is
surrounded with a slightly distorted square-antiprismatic LnO6N2 coordination sphere formed
by three bischelate hfac anions and one bpy ligand. Both static and dynamic magnetic
properties were studied for complex 1, which is proved to be a new single-ion magnet. The
luminescence characterizations of complexes 1 and 2 are also studied in this paper.

■ INTRODUCTION

With an improved knowledge of the magneto-chemical
properties of single-molecule magnets (SMMs), lanthanide
(Ln) ions have become attractive candidates for constructing
new SMMs because most of them have a large unquenched
orbital angular momentum,1 which may bring significant
anisotropy to the system. In fact, a mononuclear lanthanide
compound in which the anisotropic ion lies in an axial crystal
field environment can exhibit slow relaxation of the magnet-
ization,2,3 so the interest in single-ion magnets (SIMs) has
rapidly developed because of the simplification of the analysis
of local anisotropy.4 Synthetic efforts along this line have led to
the discovery of many SIMs, including lanthanide complexes
with phthalocyanine,2 polyoxometalate,3,5 or macrocyclic Schiff
base ligands,6 β-diketone1e,7,8 or organometallic systems,9

nitronyl nitroxide radicals,10 or DOTA ligands.4d

Notably, the ligand field (LF) is a key player in controlling
the magnetic anisotropy of Ln-based SIMs.1f,8a Careful
manipulation of the ligand system can produce a desirable
LF, which would further affect the splitting of the ground J
multiplet and give the lowest sublevels a large |Jz| value and
significant energy gap from the rest of the sublevels, thus
achieving an easy axis of the magnetization. The material
Dy(hfac)3·2H2O has been confirmed to show practically no
SMM behavior,11 so investigating whether a small change of the
coordination sphere would affect the magnetic properties
attracted us. Considering the above, by adopting 2,2′-bipyridine

(bpy) to the system of Ln(hfac)3·2H2O, we report the
syntheses, structures, and magnetic properties of three
lanthanide mononuclear compounds, [Ln(hfac)3(bpy)] (Ln =
Dy (1), Tb (2), or Ho (3)). Among them, complex 1 shows
the typical features associated with the SIM behavior. In
addition, lanthanides are widely studied for their specific
luminescence properties, especially in the aromatic or
heteroaromatic highly π-conjugated system and/or the β-
diketone system.12 Herein, we present the luminescence spectra
and the quantum yields of the complexes.

■ EXPERIMENTAL SECTION
Materials and Measurements. All of the reagents used in the

syntheses are of analytical grade, except the n-heptane which was dried
over sodium and distilled prior to use. The hexafluoroacetylacetone
and 2,2′-bipyridine were purchased from Alfa Chemical Company.
Elemental analysis for C, H, and N was performed on a Perkin-Elmer
elemental analyzer, model 240. Luminescence spectra and lumines-
cence quantum yields were determined on solid samples with a FL3-2-
IHR320-NIR-TCSPC spectrofluorimeter at 295 K. Variable-temper-
ature magnetic susceptibilities were measured on a SQUID MPMS
XL-7 magnetometer in the range of 2−300 K. Diamagnetic corrections
were made with Pascal’s constants for all of the constituent atoms.13

Syntheses of [Ln(hfac)3(bpy)] (Ln = Dy (1), Tb (2), or Ho (3)).
All three of the complexes were synthesized by the same method. The
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synthesis of compound 1 is detailed herein. Dy(hfac)3·2H2O (0.082 g,
0.1 mmol) was dissolved in 20 mL of dry boiling n-heptane. A 5 mL
CH2Cl2 solution of 2,2′-bipyridine (0.0156 g, 0.1 mmol) was added,
and the mixture was heated for 30 min at around 60 °C. Pale-yellow
crystals of 1 suitable for X-ray analysis were isolated by cooling the
solution to room temperature and keeping the filtrate in a refrigerator
at 4 °C for a week. Anal. Calcd (1) for C25H11F18DyN2O6 (yield
0.0389 g, 41.4%): C, 31.95; H, 1.18; N, 2.98. Found: C, 31.84; H, 1.38;
N, 2.81. IR (KBr cm−1): 1652 (vs), 1642 (s), 1556 (w), 1508 (s), 1458
(w), 1254 (vs), 1212 (s), 1094 (w), 804 (m). Anal. Calcd (2) for
C25H11F18TbN2O6 (yield 0.0315 g, 33.6%): C, 32.07; H, 1.18; N, 2.99.
Found: C, 32.19; H, 1.02; N, 3.08. IR (KBr cm−1): 1654 (vs), 1642
(s), 1546 (s), 1391 (w), 1256 (vs), 1205 (s), 1097 (w), 805 (m). Anal.
Calcd (3) for C25H11F18HoN2O6 (yield 0.0271 g, 28.8%): C, 31.87; H,
1.18; N, 2.97. Found: C, 31.76; H, 1.24; N, 2.89. IR (KBr cm−1): 1655
(vs), 1645 (s), 1548 (s), 1395 (w), 1252 (vs), 1204 (s), 1149 (w), 802
(m).12d

X-ray Crystallography. Determination of the unit cell and data
collection for the complexes were performed with Mo Kα radiation (λ
= 0.71073 Å) on a Rigaku MM-007 single-crystal diffractometer at

113(2) K. All of the structures were solved primarily by direct methods
and refined with full-matrix least-squares techniques using the
SHELXS-97 and SHELXL-97 programs.14 All non-hydrogen atoms
were refined with anisotropic thermal parameters. The hydrogen
atoms were introduced in calculated positions and refined with a fixed
geometry with respect to their carrier atoms.15 Crystal data and details
of structural determination refinement are summarized in Table 1, and
the selected bond lengths and angles have been provided in the
Supporting Information, Tables S1−S3. CCDC 783498, 784030, and
784031 contain the supplementary crystallographic data for complexes
1−3, respectively. These data can be obtained free of charge from the
Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/
data_request/cif.

■ RESULTS AND DISCUSSION

Description of Crystal Structure. Single-crystal X-ray
diffraction analysis revealed that 1 and 3 crystallize in the
monoclinic P21/c space group, whereas 2 crystallizes in the
triclinic P̅1 space group. They have similar structures, all

Table 1. Crystal Data and Structure Refinements for Complexes 1−3

1 2 3

empirical formula C25H11F18DyN2O6 C25H11F18TbN2O6 C25H11F18HoN2O6

formula weight 939.86 936.29 942.29
temperature (K) 113(2) 113(2) 113(2)
crystal system monoclinic triclinic monoclinic
space group P21/c P̅1 P21/c
a (Å) 21.346(4) 11.793(2) 21.297(4)
b (Å) 18.782(4) 15.860(3) 18.783(4)
c (Å) 16.033(3) 17.825(4) 16.013(3)
α (deg) 90 78.93(3) 90
β (deg) 106.14(3) 77.25(3) 106.06(3)
γ (deg) 90 72.95(3) 90
volume (Å3) 6175(2) 3079.7(12) 6156(2)
Z 8 4 8
ρcalc (g cm−3) 2.022 2.019 2.033
μ (mm−1) 2.572 2.449 2.723
F(000) 3608 1800 3615
reflections collected 55351 22457 40987
unique/parameters 14656/1133 10737/1077 10838/1105
R(int) 0.0435 0.0293 0.0398
completeness to θ = 27.48 99.5% 99.0% 99.8%
max/min transmission 0.734/0.636 0.710/0.631 0.721/0.586
goodness-of-fit on F2 1.058 1.061 1.044
R1, wR2 [I > 2σ(I)] 0.0581, 0.1478 0.0485, 0.1336 0.0436, 0.1090
R1, wR2 (all data) 0.0688, 0.1663 0.0562, 0.1398 0.0503, 0.1140

Figure 1. Molecular structure of complex 1 with thermal ellipsoids at 30% probability. Hydrogen and fluorine atoms are omitted for clarity.
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consisting of two crystallographically independent [Ln-
(hfac)3(bpy)] moieties in one unit. The center LnIII ions all
have a similar distorted square-antiprismatic LnO6N2 coordi-
nation sphere formed by three hfac anions and a bipyridine
ligand, with only little difference in the bond lengths and angles.
Therefore, only the structure of DyIII complex 1 is described in
detail (as shown in Figure 1). In the [Dy(hfac)3(bpy)] unit,
each hfac anion provides two donor oxygen atoms coordinating
to the DyIII cation, and the other two coordination sites of DyIII

are occupied by the two N atoms from bipyridine to complete
the eight-coordination environment DyO6N2. The Dy−O
distances range from 2.314 to 2.359 Å for Dy1 and 2.321 to
2.358 Å for Dy2, while the two Dy−N bonds are 2.505 and
2.513 Å for Dy1 and 2.505 and 2.517 Å for Dy2. Eight-
coordinated geometries are mostly taken as the D2d-
dodecahedron (DD), C2v-bicapped trigonal prism (TP), and
D4d-square antiprism (SAP). The semiquantitative method of
polytopal analysis is examined.10e,16 The polyhedrons with
donor atoms around the lanthanide center for the complex are
shown in the Supporting Information, Scheme S1. Relevant
dihedral angles are summarized in Table 2. The δ1 and δ2

values, which represent planarity of the squares, range from
1.32 to 7.93°. The δ3 and δ4 values for the triangular faces,
along with φ values, are close to the angles (52.4, 52.4, and
24.5°) of an ideal SAP polyhedron, respectively, indicative of
D4d symmetry (Supporting Information, Figure S1). In

addition, the interplanar distances between the coordination
planes above and below the lanthanide ion in the SAP
polyhedron are 3.335 Å for Dy1 and 2.780 Å for Dy2, which are
indicative of a certain axial elongation of the square antiprism
for Dy1 and axial compression for Dy2.3a The shortest Dy−Dy
distance is 7.92 Å for complex 1, and the packing diagram for 1
is given in the Supporting Information, Figures S2 and S3.
Meanwhile, weak C−H···F hydrogen bonds were found in the
complex with H···F distances ranging from 2.35 to 2.48 Å.12f

Luminescence Properties. The photoluminescence of
complexes 1 and 2 in the solid state was investigated under
excitation at 355 nm at room temperature. The typical
luminescence peaks of DyIII at 481 and 574 nm can be
assigned to the transitions of 4F9/2 → 6H15/2 and 4F9/2 →
6H13/2, respectively (Figure 2a). The yellow emission intensity
of the 4F9/2 →

6H13/2 transition is much stronger than that of
the blue 4F9/2 →

6H15/2 transition, suggesting that the ligand is
suitable for the sensitization of yellow luminescence of DyIII, as
are those in other similar complexes.4c For TbIII ions, the first
emission band of complex 2 at 489 nm can be assigned to the
transitions of 5D4 →

7F6, while the other bands at 545, 580, and
617 nm can be attributed to the 5D4 →

7F5,
5D4 →

7F4, and
5D4

→ 7F3 transitions, respectively (Figure 2b).12c,e Among them,
the 5D4 →

7F5 transition is the strongest. For the ligand (bpy),
the broad emission band observed from 255 to 450 nm can be
attributed to the π → π* transition of the ligand (Supporting
Information, Figure S4).12c

The luminescence quantum yields of complexes 1 and 2 were
also determined by means of an integrating sphere at room
temperature under the excitation wavelength that maximizes
the emissions of the lanthanide ions. The solid-state measure-
ment gave a quantum yield of 0.4% for DyIII complex 1 and
3.4% for TbIII complex 2, which is near the 0.75% measurement
previously reported for [Tb(hfa)3(bpyO2)] (hfa = hexafluor-
oacetylacetonate; bpyO2 = 2,2′-bipyridine-N,N′-dioxide) but
much lower than the value of 27% reported for [Tb-
(hfa)3(H2O)2].

12g It shows that, similar to bpyO2, the ancillary
ligand of bpy also has a detrimental effect on the luminescence
of the TbIII complex, which arises from the close energetic
proximity of the ligand triplet state and the 5D4 level.

Magnetic Properties. Static Magnetic Properties for 1.
Direct current (dc) magnetic susceptibility studies of 1 were
carried out in an applied magnetic field of 1000 Oe over the
temperature range 2−300 K. At room temperature, the χMT

Table 2. δ (deg) and φ (deg) Values for Complex 1a

1-Dy1 1-Dy2 SAP TP DD

δ1 O5−[O3−
O6]−O4

1.3 O9−[O10−
O12]−O11

2.8 0.0 0.0 29.5

δ2 O1−[N1−
O2]−N2

5.3 O7−[N4−
O8]−N3

7.9 0.0 21.8 29.5

δ3 O5−[N1−
O6]−N2

44.8 O9−[N4−
O12]−N3

56.6 52.4 48.2 29.5

δ4 O1−[O3−
O2]−O4

46.1 O7−[O10−
O8]−O11

58.5 52.4 48.2 29.5

φ1 O6−O2−
O5−O1

19.8 O12−[O8−
O9]−O7

30.2 24.5 14.1 0.0

φ2 O3−N1−
O4−N2

17.2 O10−[N4−
O11]−N3

30.0 24.5 14.1 0.0

aA[BC]D is the dihedral angle between the ABC plane and the BCD
plane. A−B−C−D is the dihedral angle between the (AB)CD plane
and the AB(CD) plane, where (AB) is the center of A and B.

Figure 2. Upon excitation at 355 nm, room-temperature solid-state luminescence spectra of 1 (a) and 2 (b).
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value of 14.26 cm3 K mol−1 is in good agreement with the
theoretical value of 14.16 cm3 K mol−1 for one uncoupled DyIII

ion (S = 5/2, L = 5, 6H15/2, g = 4/3). As shown in Figure 3,

during the cooling process, the χMT has almost no change in
the temperature range of 300−100 K and then decreases
gradually, which is mostly due to crystal field effects (i.e.,
thermal depopulation of the LnIII Stark sublevels), and then
further decreases sharply to reach a minimum of 10.93 cm3 K
mol−1 at 2 K, which is mostly due to an almost pure |mj = ±15/
2⟩ ground-state doublet17 and possible dipole−dipole inter-
actions between the molecules. The magnetic susceptibility was
simulated by an approximate model, described in detail in the
Supporting Information, because there is very weak magnetic
interaction between DyIII ions in complex 1.
The M versus H/T data measured in different magnetic fields

(inset Figure 3) show nonsuperposition, suggesting the
presence of magnetic anisotropy and/or low-lying excited
states. The maximum magnetization at 2 and 5 K is 5.93 μB,
which is lower than the expected saturation value of 10 μB for
each DyIII ion, most likely because of the crystal field effect at

the DyIII ion that eliminates the 16-fold degeneracy of the
6H15/2 ground state.18

Dynamic Magnetic Properties for 1. The temperature and
frequency dependency data of the alternating current (ac)
susceptibilities for 1 under zero-dc field (Figure 4) show strong
frequency and temperature dependencies. From the temper-
ature dependencies of the ac susceptibility (Figure 4, left), both
the in-phase (χ′) and out-of-phase (χ″) signals show a
maximum, while the peaks can be found only at frequencies
higher than 1000 Hz. As cooling continues, χ′ and χ″ start to
increase again below 4 K. This behavior is typical of the
quantum tunneling regime often seen in DyIII-based
SMMs.2b,8b,10b,18b

From frequency dependencies of the ac susceptibility (Figure
4, right), the magnetization relaxation times (τ) have been
estimated between 2 and 10 K (Figure 5). Above 8 K, the

relaxation follows a thermally activated mechanism affording an
energy barrier of 38.48 K with a pre-exponential factor (τ0) of
1.12 × 10−6 s based on Arrhenius law [τ = τ0 exp(Ueff/kBT)],
which is consistent with those reported for similar SMMs (in
the ∼10−6−10−11 s range).7,8,10 While at lower temperatures a
gradual crossover to a temperature-independent regime is
observed. Below about 2.2 K, a dominant temperature-
independent quantum regime of dynamics with a τ value of

Figure 3. Temperature dependence of χMT product in the range of 2−
300 K in 1000 Oe for 1. The solid line represents the theoretical data.
Inset: M vs H/T plot measured at different temperatures.

Figure 4. Temperature (left) and frequency (right) dependence of the ac susceptibility for complex 1 as a function of the temperature below 15 K
(left) and the ac frequency between 1 and 1500 Hz (right) under a zero-dc field.

Figure 5. Magnetization relaxation time, ln τ vs T−1 plot for 1 under
zero-dc field. The solid line is fitted with the Arrhenius law (see text).
With τ0 = 1.12 × 10−6 s, U = 38.48 K.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic400006n | Inorg. Chem. 2013, 52, 7380−73867383



0.0004 s explains the absence of the M versus H hysteresis
effect at 1.9 K (Supporting Information, Figure S5). This may
be due to the hyperfine couplings and dipolar spin−spin
interactions in lanthanide ions, which allow fast quantum
tunneling of magnetization (QTM)5b,8a,19 that prevents the
isolation of zero-field lanthanide SMMs with large barriers.20

From frequency dependencies of the ac susceptibility
measurements, Cole−Cole diagrams (Figure 6) in the form

of χ″ versus χ′ with nearly semicircular shapes have also been
obtained. These data have been fitted to the generalized Debye
model,21 giving the small distribution coefficient α value
0.137−0.150 (between 1.9 and 6.0 K), indicating the narrow
distribution of relaxation times at these temperatures.
To further ensure that complex 1 is a SMM, the indicative

parameter of spin disorder ϕ of 0.21 can be extracted on the
basis of the temperature dependency data of χ′ using Mydosh′s
formula ϕ = (ΔTp/Tp)/Δ(log ω), which finally excluded the
possibility of a spin glass (0.01 < ϕ < 0.08).22,23

All the above magnetic analysis evidences the SIM behavior
for the DyIII complex, which basically originates from intrinsic
molecular properties of the complex. Single-ion anisotropy of
the 4f ions is probably the most important factor, owing to the
strength and symmetry of the local crystal field. It could be
considered that high symmetry environments around the DyIII

ion favor high blocking temperature.2a,3a,7b,19b The distorted
coordination environment around DyIII with the D4d local
symmetry, which is derived from the bpy ligand, lifts the 16-fold
degeneracy of the J = 15/2 ground multiplet of DyIII.4e,24 The

lowest doubly degenerate sublevels that formally correspond to
large Jz = ±15/221 or Jz = ±13/24e,24 for dysprosium in the SAP
environment are considerably separated from the rest of
substates,25 which can lead to a strong uniaxial magnetic
anisotropy and a higher thermal barrier.1c,d

Compared with our previously reported similar complex of
[Dy(hfac)3NIT-2Py]·0.5C7H16 (NIT-2Py = 2-(2′-pyridyl)-
4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide),10c which can
show only slow magnetic relaxation behavior under a 1000
Oe external static magnetic field to suppress the quantum
tunneling process, our DyIII complex displays clear frequency
dependence and peaks in χ′ versus T and χ″ versus T plots in
zero static field. In addition, our DyIII complex has a
significantly higher barrier of U = 38.48 K.

Static Magnetic Properties for 2 and 3. The temperature
dependence of magnetic susceptibilities for 2 and 3 is also
studied and shown in Figure 7, and the χMT values at room
temperature are 11.90 and 14.06 cm3 K mol−1, respectively.
Both of the values are close to the expected values of 11.81 and
14.05 cm3 K mol−1, respectively, for one LnIII ion (7F6, g = 3/2
for TbIII and 5I8, g = 5/4 for HoIII). During the cooling process,
the χMT values of 2 and 3 decrease gradually and reach a
minimum of 8.47 and 7.43 cm3 K mol−1 at 2 K, respectively. A
strictly theoretical treatment of magnetic properties for such a
system cannot be carried out because of the large anisotropy of
the LnIII ions. However, to obtain a rough quantitative estimate
of the magnetic interaction parameters between paramagnetic
species, we analyzed the temperature-dependent magnetic
susceptibilities by an approximate model for 2 and 3. The
LnIII ion may be assumed to exhibit a splitting of the mj energy
levels (Ĥ = ΔJẑ2) in an axial crystal field.26 Thus χTb and χHo
can be described as eqs 1 and 2, respectively. In the expression,
Δ is the zero-field-splitting parameter, g the Lande factor, k the
Boltzmann constant, β the Bohr magneton constant, and N
Avogadro’s number. The zJ′ parameter based on the molecular
field approximation in eq 3 is introduced to simulate the
magnetic interactions between all the paramagnetic species in
the system.27 Thus the magnetic data of 2 and 3 can be
analyzed by the following approximate treatment of eqs 1−3.

Figure 6. Cole−Cole plots measured at 1.9−6 K in zero-dc field. The
solid lines are the best fit to the experimental data, obtained with the
generalized Debye model with α = 0.137−0.150.

Figure 7. Temperature dependence of χM (□) and χMT (○) for Tb (2) (left) and Ho (3) (right) at 1000 Oe. The solid lines represent the
theoretical values based on the corresponding equations.
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The best fitting parameters for TbIII complex 2 are g = 1.525,
Δ = 0.002 cm−1, zJ′ = −0.312 cm−1. For HoIII complex 3, they
are g = 1.262, Δ = 0.009 cm−1, zJ′ = −0.076 cm−1. The very
small zJ′ values are indicative of the very weak magnetic
interaction between LnIII ions in 2 and 3.
TbIII and HoIII complexes always have the tendency to be

SMMs; therefore we performed the dynamic magnetic
susceptibility measurements of the TbIII complex 2 and the
HoIII complex 3, which are given in the Supporting
Information, Figures S6 and S7. Unfortunately, the imaginary
component χM″ of the complexes does not show any positive
value even at 2.0 K under zero-dc field. Thus, we do not think
complexes 2 and 3 express SMM behavior even at low
temperature. This may be due to the small energy barrier which
could not prevent the inversion of the spin.28

■ CONCLUSIONS
In summary, we used 2,2′-bipyridine as the ancillary ligand of
Ln(hfac)3·2H2O and successfully synthesized a single-ion
magnet containing a DyIII ion with approximate D4d local
symmetry. This Dy-based SIM has an energy barrier of 38.48 K
to relax and a quantum regime of relaxation below 3 K, and
both the DyIII and TbIII complexes have the typical
luminescence peaks. We propose that the local symmetry of
the center ions could modify the character of the magnetic
relaxation. Further in-depth studies on the compounds of this
kind are required to better understand the relaxation dynamics.
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