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A series of lanthanide-based self-assembling complexes constructed from Schiff base and b-diketonate ligands have been
synthesised by the same method. They are one dimensional complexes ({[Ln(H2L)(tta)2(OAc)]�0.5H2O}n (Ln¼Eu (1),
Gd (2), Dy (3), Yb (4)); H2L¼N,N0-bis(salicylidene)butane-1,4-diamine, tta¼ 2-thenoyltrifluoroacetone). Complexes 1

and 4 exhibit characteristic metal-centred emission in the solid state. The lifetimes and quantum yields of luminescence
were also determined. Magnetic analysis reveals that complex 3 exhibits field-induced single-molecule magnet (SMM)
behaviour with an energy barrier of 24.07 K.
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Introduction

In the past decade, the study of lanthanide complexes has
gained great recognition owing to their fascinating photo-

luminescence[1] and magnetism.[2,3] To date, a large number of
lanthanide organic ligands with allowed p–p* transitions in the
UV region have been synthesised and their excellent char-
acteristics including single-molecule magnets (SMMs)[4] and

fluorescent emission have been extensively studied.[5] For these
lanthanide ions, the f–f Laporte forbidden transition has a very
low absorption coefficient. To solve this problem, more organic

ligands like Schiff base and b-diketonate chromophores have
been used. Previously, various flexible Schiff base ligands were
utilised in our group.[6] Recently we successfully developed a

useful synthetic strategy involving both flexible Schiff base and
b-diketonate ligands (hexafluoroacetylacetonate) to isolate a
series of lanthanide complexes with luminescent properties.[7]

Notably, b-diketonates are ideal candidates as light-harvesting

chromophores for sensitisation of visible light and lumines-
cence from LnIII ions.[8] However, b-diketonate ligands
affording a neutral complex cannot protect LnIII ions from

solvent molecules which can quench emission.[9] Therefore,
other well designed chromophores should take part in the
coordination to form more stable complexes.[10] Our strategy

to obtain luminescent complexes consisted in using flexible
Schiff base oxygen donors which can stabilise LnIII centres and
transfer energy efficiently to the lanthanide ions, potentially

enhancing the luminescent properties. With this in mind, we
had chosen the flexible Schiff base (N,N0-bis(salicylidene)
butane-1,4-diamine) as a ligand in lanthanide complexes due to

its bridging properties via the O-donor in Ar-OH and its
fluorescence properties.[11–13]

In addition, the single-moleculemagnet (SMM) behaviour of

1D spiral chain lanthanide complexes has been the subject of
numerous research activities. TheDyIII ion has beenwidely used
in the synthesis of molecule-based magnetic materials.[14–16]

The DyIII ion means that 4f metal-based SMMs could possess

larger energy barriers, which provide proper orientation of the
magnetic principal axes of its ion and reduces quantum tunnel-
ling of the magnetisation (QTM).[17] b-Diketonate ligands have

generated increasing interest in the field of SMMs because of a
high-order single axis defining the local symmetry and provid-
ing a suitable ligand field.[18–20] Therefore an ancillary b-

diketonate ligand with steric hindrance was selected here. Based
on these considerations, we described four lanthanide(III) com-
plexes achieved by using a flexible Schiff-base and a b-diketo-
nate ligand, {[Ln(H2L)(tta)2(OAc)]�0.5H2O}n (Ln¼Eu (1), Gd

(2), Dy (3), Yb (4); H2L¼N,N0-bis(salicylidene)butane-1,4-
diamine, tta¼ 2-thenoyltrifluoroacetone).

Results and Discussion

Synthesis

The complexes {[Ln(H2L)(tta)2(OAc)]�0.5H2O}n (Ln¼Eu (1),
Gd (2), Dy (3), Yb (4)), synthesised by the reaction of H2L with

Cd(OAc)2�2H2O in a 1 : 1molar ratio in CH2Cl2/MeOH produce
a yellow clarified liquid (Scheme 1). Yellow crystals suitable for
X-ray analysis were obtained by slowdiffusion ofmethanolwith

Ln(tta)3�2H2O into the yellow solution for one week.

CSIRO PUBLISHING

Aust. J. Chem.

https://doi.org/10.1071/CH18136

Journal compilation � CSIRO 2018 www.publish.csiro.au/journals/ajc

Full Paper

tan13r
Typewritten Text
18 July 2018.



IR Spectra

The IR absorption spectra of the ligand and complexes 1–4 are
shown in Fig. S1 (Supplementary Material). Taking 1 as an
example, the broad but weak O–H stretching vibration of the

free H2L ligand at ,2855 cm�1 is replaced by a band at
,3695 cm�1 in complex 1 due to the N–H vibration in C=Nþ–
H. This band indicates that the hydrogen atoms are still involved

in intramolecular H-bonding with the phenolic oxygen. The
C=N stretching vibration in complex 1 shifts to a higher
wavenumber (by 20–30 cm�1 to ,1657 cm�1).[21]

X-Ray crystallographic analysis has revealed that complexes
1–4 are isomorphic, as revealed by comparison of their powder
X-ray diffraction (PXRD) patterns (Fig. 1). The PXRD patterns
of complexes 1–4 are in agreement with the simulated ones from

the respective single-crystal X-ray data. Taking 1 as an example,
the unit cell of complex 1 crystallises in the monoclinic space
group P21/n. The perspective view of the molecular structure of

1 was shown as a dodecahedron[22] in Fig. 2b. Crystallographic
details are provided in Table 1 and selected bond lengths of
the coordination environment of the metal centres are listed in

Table S1 (Supplementary Material). The organic ligand H2L is
involved in linking the one dimensional chain structure. As a
result, each H2L acts a bridge between two EuIII atoms. Cd2þ

ions are not observed in the structure. The unique EuIII ions are
eight-coordinated by two different H2L anionic oxygen atoms,
two oxygen atoms from an acetate anion, and four oxygen atoms
from two tta ligands. The Eu–O (tta) distances range from 2.395

(3) to 2.409(3) Å. Notably, the Eu–O bond distances for H2L
atoms O4 and O8 of the ligands (2.293(2) and 2.310(2)) are
shorter than those oxygen atoms of acetate (2.461(3) and 2.484

(2)). The oxygen atoms (O6, O7) of the acetate group chelate the
europium ion. One Schiff base ligand displays a curved config-
uration in which the backbone oxygen atoms (O4, O15) link Eu1

and Eu2 ions. The O4–Eu–O8 angle is 158.698. The hydrogen
atoms located on the two nitrogen atoms are involved in

intramolecular hydrogen bonding with the deprotonated phenol
oxygen atoms, thus indicating that a proton migration occurs in
the complexation reactions.

Luminescence Properties

The UV-vis absorption data of complexes 1–4, Eu(tta)�2H2O,
and H2L are presented in Fig. S2 (Supplementary Material). In

MeOH, H2L consists of three main absorptions at ,215, 255,
315 nm which are assigned to the p–p* transitions of Ar-OH
and the imine group. As for 1, there are three sets of absorption

bands at ,237, 270, and 346 nm, which are due to the intra-
ligand transitions of the ligand. The emission spectra of complex
1 in the solid state tested at room-temperature are presented in
Fig. 3. Based on a maximum excitation at 368 nm in the solid

state, the emission spectrum of EuIII is observed at 614 nmwith a
strong and unique emission peak. Four typical emission bands of
the EuIII ion are observed, 590 (5D0-

7F0), 614 (
5D0-

7F2), 650

(5D0-
7F3), and 696 nm (5D0-

7F4). The free H2L ligand does
not exhibit luminescence under similar conditions. The H2L
provides efficient energy transfer for the sensitisation of the

Ln3þ ion. The lifetime of 1 is 417.19 ms in the solid state.

NIR Luminescence

TheNIR emission spectra of complex 4 in the solid state tested at
room temperature are presented in Fig. 4. Excited at 380 nm

withmaximumexcitation, the typical NIRemission band ofYbIII

centred at 980 nm was observed, which is assigned to the
2F5/2-

2F7/2 transition. Two other broad bands centred at 993
and 1028 nm are also observed. The free H2L ligand does not

exhibit NIR luminescence under the same conditions. The H2L
provides efficient energy transfer for the sensitisation of the
Yb3þ ion. The lifetime of 4was t1¼ 9681.93 ns in the solid state.

In general, the widely accepted energy transfer mechanism
of the luminescent lanthanide complexes is proposed by
Crosby.[23] In order to make the energy transfer effective, the

energy-level match between the lowest triplet energy level (T1)
of the ligand and the lowest excited state level of the LnIII

ion becomes one of the most important factors dominating

the luminescence properties of the complexes. On account
of the difficulty in observing the phosphorescence spectrum
of the ligand, the emission spectrum of the complex {[Gd(H2L)
(tta)2(OAc)]�0.5H2O}n (2) at 77K is used to estimate the triplet

state energy level of the ligand. The singlet state energy level of
H2L is estimated by referring its absorbance edge, which is
24814 cm�1 (403 nm). The triplet (T1) energy levels are calcu-

lated by referring to the lower wavelength emission peaks of the
corresponding phosphorescence spectrum of the GdIII complex,
which are 20325 cm�1 (492 nm) (Fig. S3, Supplementary Mate-

rial). It is known that the gap DE(T1–Ln
III) should be intermedi-

ate for maximum energy transfer, otherwise too large or too
small a gap would decrease the efficiency of energy transfer.
According to Latva et al.,[24] the ligand-to-metal transfer pro-

cess could occur effectively when the energy gap is in the region
of 2500–3200 cm�1. Therefore, the energy gaps between the
triplet state of H2L and the resonance energy level of EuIII was

OH

N

HO

Cd(OAc)2·2H2O Ln(tta)3·2H2O

CH2Cl2/MeOH

N
{[Ln(H2L)(tta)2(OAc)]·0.5H2O]n

Scheme 1. Schematic representation of complexes 1–4.
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Fig. 1. PXRD patterns for 1–4.
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calculated (Fig. 5). The energy gap, DE(T1–
5D0), is 2825 cm

�1

for 1. The T1 energy level of H2L is thus 10025 cm�1 higher than
the 2F2/5 level of YbIII (10300 cm�1). Therefore, it is easy to

understand that energy transfer from the ligand to EuIII.

Magnetic Susceptibility Studies

Direct current (dc) magnetic susceptibility studies of 3 have

been carried out in an applied magnetic field of 2000Oe (Fig. 6)

in the temperature range 300–2K. The xmT value of 3 at 300K is
13.83 cm3Kmol�1, which is very close to the value of 14.17 cm3

K mol�1 for one uncoupled DyIII ion. It is also obvious that the

xmT product steadily declines with the lowering of temperature
and exhibits a rapid increase in the magnetisation at low field.
The maximum of magnetisation is 4.68 in the range of 300–

100K and then further decreases dramatically to reach a mini-
mumof 11.15 cm3Kmol�1 at 2K. These thermal behaviours are
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Fig. 2. (a) Crystal structure of 1; hydrogen atoms are omitted for clarity. Colour code: dark green (Eu), blue (N), red (O), grey (C), yellow (S), green

(F). Selected bond length (Å) and bond angles (8): Eu(1)–O(4) 2.293(2), Eu(1)–O(1) 2.395(3), Eu(1)–O(8) 2.310(2), Eu(1)–O(3) 2.402(2), Eu(1)–

O(2) 2.401(3), Eu(1)–O(5) 2.409(3), Eu(1)–O(6) 2.461(3), Eu(1)–O(7) 2.484(2); O4–Eu–O8 158.69. (b) Perspective view of the coordination

polyhedron for the Eu3þ ions in 1.

Table 1. Emission data for complexes 1 and 4

Complex Medium lex [nm] lem [nm] tem Transition type

1 Solid 368 614 417.19ms 590 (5D0-
7F0), 614 (5D0-

7F2), 650 (5D0-
7F3), 696 nm (5D0-

7F4)

4 Solid 380 980 9681.93 ns 980, 993, 1028 nm (2F5/2-
2F7/2)
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Fig. 3. Luminescence excitation and emission spectra of 1 in the solid state

at room temperature.
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mostly due to the progressive depopulation of the excited Stark

sublevels of DyIII and possible weak antiferromagnetic inter-
actions between molecules. The magnetisation of complex 3 at
3, 4, and 5K is shown in the inset of Fig. 6 which exhibits a rapid

increase in the magnetisation at low field. The maximum of
magnetisation is 4.74 mB, which is lower than the expected sat-
uration value of 10 mB for oneDy

III ion (10mB for eachDy
III ion),

likely due to the low-lying excited states and the important

crystal-field effect at the DyIII ion that eliminates the16-fold
degeneracy of the 6H15/2 ground state.[25] The temperature and
frequency dependencies of the alternating current (ac) suscep-

tibilities have been measured under zero-dc field for 3. As given
in Fig. 7, it shows temperature and frequency dependence,
which reveals the typical features associated with the SMM

behaviour. On cooling, x0 and x00 increase again below 4K, and
this indicates the onset of pure quantum tunnelling. Moreover, it
is also noteworthy that the temperature dependence of out-of-

phase ac susceptibility does not go to zero below 4K, as for most
SMMs, which might be indicative of a fast relaxation process
that becomes dominant in the lower temperature region.
The magnetisation relaxation time (t) is derived from the fre-

quency dependence of the ac susceptibility between 2 and 6K

and the Arrhenius plot obtained from these data is given in

Fig. 8. The energy barrier is Ueff¼ 24.07(0.57) K with a pre-
exponential factor (t0) of,5.5� 10�6 s based on the Arrhenius
law [t¼ t0exp(Ueff/kT)], which is consistent with the expected

t0 of 10
�6–10�11 for SMMs.

Conclusions

To summarise, through the rational choice of H2L and a strong
electron-withdrawing ligand, namely thenoyltrifluoroacetonate
(tta), four lanthanide complexes {[Ln(H2L)(tta)2(OAc)]�
0.5H2O}n (Ln¼Eu (1), Gd (2), Dy (3), Yb (4)) have been
successfully synthesised. Complexes 1 and 4 show visible
luminescence and NIR luminescence properties with the strong

and unique emission of EuIII and YbIII respectively. Magnetic
analysis reveals that the DyIII ions dominate the antiferromag-
netic properties of complex 3, which features SMM behaviour.

Experimental

General Methods

All chemicals except Ln(tta)3�2H2O (Ln¼Eu (1), Gd (2), Dy
(3), Yb (4)) and H2L were obtained from commercial sources

and used without further purification. Ln(tta)3�2H2O was pre-
pared by the reactions of tta and the lanthanide metal chloride.
The lanthanide precursors Ln(tta)3�2H2O (Ln¼Eu (1), Gd (2),
Dy (3), Yb (4)) were synthesised according to the literature.[26]

H2L was obtained by condensation of 1,4-diaminobutane and
salicylaldehyde in a 1 : 2 molar ratio in absolute methanol
according to previously reported synthetic methods.[27] Ele-

mental analyses (C, H, N)were performed using a Perkin–Elmer
2400 analyser. IR spectra were obtained using a Perkin–Elmer
60000 spectrophotometer. UV spectra were recorded with a

Shimadzu UV2240 spectrophotometer. Fluorescence spectra of
the complexes were recorded using a FLSP920 spectropho-
tometer equippedwith a xenon lamp and a quartz carrier at room

temperature. Luminescence lifetimes were recorded using a
single photon counting spectrometer with a microsecond pulse
lamp as the excitation source. The overall quantum yields of
both europium and ytterbium complexes were measured in

MeOH (,10�5 mol L�1) at room temperature and referenced
to a water solution of Ru(bpy)3Cl2 (bpy¼ 2,20-bipyridine, j¼
0.028), and through the following expression:

joverall ¼
n2Aref I

n2refAIref
jref ð1Þ

In Eqn 1, n, I, andA denote the refractive index of the solvent,
the area of the emission spectrum, and the absorbance at the
excitation wavelength, respectively, and jref represents the

quantum yield of the standard Ru(bpy)3Cl2 solution. The quan-
tum yields of complexes 1 and 4 in methanol solutions are
estimated by the equation jLn¼ tobs/t0. The magnetic suscepti-

bility for complex 3 was measured with a Quantum Design
MPMS XL-7 SQUID-VSM magnetometer. The magnetic cor-
rections were made by using Pascal’s constants.

Syntheses of Complexes 1–4

Synthesis of Complex {[Eu(H2L)(tta)2(OAc)] � 0.5H2O}n (1)

These complexes were prepared by an identical method. The

synthesis of complex 1 is described herein. A methanol solution
(20mL) of Cd(OAc)2�2H2O (0.266 g, 1mmol) was added to a
solution of H2L (0.296 g, 1mmol) in 16mL of dichloromethane.
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After refluxing for 1 h, the solution changed to yellow. The
mixture was filtered and the precipitate was removed from the

solution. The filtrate was diffused slowly by amethanol solution
(16mL) of Eu(tta)3�2H2O (0.218 g, 0.25mmol) and allowed to
stand undisturbed at room temperature for one week. Yellow
crystals of 1 were obtained in 51% yield (0.121 g). Anal. Calc.

for C36H32EuF6N2O8.5S2: C 45.10, H 3.36, N 2.92. Found: C
45.46, H 3.34, N 2.93%. nmax (KBr pellet)/cm

�1 3695 (m), 2900

(w), 1657 (m), 1599 (s), 1530 (s), 1480 (w), 1345 (w), 1300 (s),
1198 (s), 1134 (s), 1018 (w), 934 (m), 859 (w), 775 (m), 677 (w),
635 (w), 577 (s). lmax (MeOH)/nm 237, 270, 346.

Synthesis of Complex {[Gd(H2L)(tta)2(OAc)]�0.5H2O}n (2)

The title compound was obtained in 52% yield (0.124 g).

Anal. Calc. for C36H32GdF6N2O8.5S2: C 44.85, H 3.35, N 2.90.
Found: C 45.20, H 3.35, N 2.90%. nmax (KBr pellet)/cm

�1 3706
(m), 2889 (w), 1657 (m), 1608 (s), 1540 (s), 1478(w), 1342(w),

1300(s), 1196(s), 1134(s), 1020(w), 936(m), 860(w), 778(m),
675(w), 639(w), 580(s). lmax (MeOH)/nm 237, 270, 346.

Synthesis of Complex {[Dy(H2L)(tta)2(OAc)]�0.5H2O}n (3)

The title compound was obtained in 56% yield (0.135 g).
Anal. Calc. for C36H32DyF6N2O8.5S2: C 44.61, H 3.33, N 2.89.

Found: C 44.95, H 3.32, N 2.90%. nmax (KBr pellet)/cm
�1 3696

(m), 2900 (w), 1657 (m), 1599 (s), 1530 (s), 1480 (w), 1345 (w),
1300 (s), 1193 (s), 1130 (s), 1018 (w), 901 (m), 850 (w), 775 (m),

677 (w), 635 (w), 577 (s). lmax (MeOH)/nm 237, 270, 346.

Synthesis of Complex {[Yb(H2L)(tta)2(OAc)]�0.5H2O}n (4)

The title compound was obtained in 51% yield (0.124 g).
Anal. Calc. for C36H32YbF6N2O8.5S2: C 44.13, H 3.29, N 2.86.
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Found: C 44.46, H 3.30, N 2.85%. nmax (KBr pellet)/cm�1

3696 (m), 2920 (w), 1650 (m), 1608 (s), 1540 (s), 1489 (w),
1349 (w), 1309 (s), 1205 (s), 1141 (s), 1025 (w), 943 (m), 869

(w), 780 (m), 685 (w), 646 (w), 584 (s). lmax (MeOH)/nm 237,
270, 346.

X-Ray Crystallography

The crystallographic details for 1, 3, and 4 are given in Table 2.

Diffraction intensity data for single crystals of complexes were
collected using a Rigaku R-AXIS RAPID imaging-plate X-ray
diffractometer at 293K. The structures were solved by direct

methods and refined by full matrix least-squares on F2 using
SHELXTL-97.[28,29] All non-hydrogen atoms were refined with
anisotropic displacement parameters. The unit cell contained a

hydrate molecule which had been treated as a diffuse contri-
bution to the overall scattering without specific atom positions
by SQUEEZE/PLATON.[30]

Crystallographic Data

CCDC182973, 1829726, 1829733 contain the supplementary

crystallographic data for 1, 3, and 4. These data can be obtained
free of charge fromTheCambridgeCrystallographic DataCentre
via http://www.ccdc.cam.ac.uk/conts/retreving.html.

Supplementary Material

The infrared spectra, UV spectra, and visible emission

spectra for complexes 1 and 4 are available on the Journal’s
website.
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