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iketonate showing slow magnetic
relaxation and acting as a ratiometric thermometer
based on near-infrared emission†

Kunal Kumar, a Daisuke Abe,a Keiko Komori-Orisaku, a Olaf Stefańczyk, a

Koji Nakabayashi,a Julia R. Shakirova,b Sergey P. Tunik b and Shin-ichi Ohkoshi *a

Self-assembly of b-diketonate (Htta ¼ thenoyl(trifluoro)acetone) and 4,40-azopyridine (Azo-py) with

neodymium(III) ions in the presence of methanol resulted in the formation of mononuclear complex

[NdIII(TTA)3(MeOH)2]$0.5Azo-py (A) in which two asymmetric units are linked by Azo-py through

hydrogen bonding via methanol. A reveals near-infrared emission (NIR) centred at about 895 and

1056 nm, in the 10–370 K temperature range, originating from the two emissive transitions on Nd(III)

from 4F3/2 to 4I9/2 and 4I11/2 levels, respectively. Furthermore, the NIR luminescence intensity of A at

room temperature augments two times upon thermal elimination of one coordinated methanol

molecule. The thermally activated A exhibits single centre ratiometric thermometer behaviour in a wide

temperature range from 10 to 300 K. Moreover, fluorescence properties of A were compared to another

mononuclear complex [NdIII(TTA)3(4-OHpy)(H2O)] (B). Assembly A also exhibits field-induced slow

magnetic relaxation properties with an energy barrier of DE/kB ¼ 19.7(7) K and an attempt time of

relaxation, s0 ¼ 3.7(8) � 10�7 s for fresh sample A, and DE/kB ¼ 27.3 K and s0 ¼ 8.5(0) � 10�8 for

assembly A after thermal treatment at 370 K.
Introduction

In recent years, much attention has been devoted to the
synthesis and characterization of molecule-based materials
with linkers (cyanide and thiocyanide) or chelating ligands (b-
diketonates) showing various properties such as magnetism1

and luminescence.2 Especially, multifunctional materials with
two or more physical properties have been broadly investi-
gated which includes photo-magnetic,3 magneto-luminescent4

and humidity sensitive materials.5 The b-diketonate hybrid
complexes are one of the longest explored class of chelating
ligands due to their ability to stabilize the crystal framework
which has found practical application in the design of tech-
nological devices.6 Meanwhile, trivalent lanthanides
complexes have an intrinsic nature to exhibit excellent visible
(VIS)7 and near-infrared (NIR)8 luminescence along with single
molecule magnet (SMM) behavior due to sharp f–f electronic
e, The University of Tokyo, 7-3-1 Hongo,
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transitions and magnetic anisotropy. SMMs exhibiting
magnetic hysteresis below a blocking temperature have
potential in diverse research areas.9 Moreover, SMMs based on
4f-metal ions are promising candidates for luminescent
magnets and have the exibility to incorporate other func-
tionalities. Thus, rare-Earth b-diketonates are suitable mate-
rials to be used in light-emitting diodes, spintronics and high
density information storage.10 The potential hidden in
molecule-based materials with lanthanide ions encourages us
to look for molecular luminescent thermometers based on NIR
emission. The working principle behind such thermometers is
to utilize the temperature dependence of the luminescence,
emission intensity, peak energy, integrated area of the peak,
and lifetime or anisotropy. Recently, we have reported two
molecular thermometers {[Tb1�xDyx(4-OHpy)2(H2O)3]
[Co(CN)6]}$0.5H2O (x ¼ 0 and 0.5) based on cyanido-bridged
metal assemblies showing colorometric as well as ratio-
metric thermometeric behaviour utilizing the intrinsic ther-
mally reliant visible emission of TbIII and DyIII ions.11a In the
pursuit to nd multi-functional molecular thermometer, we
synthesized neodymium b-diketonate complexes with molec-
ular formula of [NdIII(TTA)3(MeOH)2]$0.5Azo-py (A), using
organic ligand as a linkers, where TTA stands for triuoro-1-(2-
thienyl)-1,3-butanedione and Azo-py is 4,40-azopyridine.
Furthermore, we compared A with another uorescent
compound: [NdIII(TTA)3(4-OHpy)(H2O)] (B) to elucidate the
mechanism of uorescence effect in A.
This journal is © The Royal Society of Chemistry 2019
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Experimental
Materials

Neodymium(III) chloride hexahydrate (NdIIICl3$6H2O, CAS:
13477-89-9), 4,4,4-triuoro-1-(2-thienyl)-1,3-butanedione (TTA,
CAS: 326-91-0), 4-hydroxypyridine (4-OHpy, CAS: 626-64-2), 4,40-
azopyridine (Azo-py, CAS: 2632-99-7) and sodium hydroxide
(NaOH, CAS: 1310-73-2) were purchased from commercial
sources (Sigma-Aldrich, Tokyo Chemical Industry Co., Ltd., and
Wako Pure Chemical Industries, Ltd).
Syntheses of [NdIII(TTA)3(MeOH)2]$0.5Azo-py (A) and
[NdIII(TTA)3(4-OHpy)(H2O)] (B)

Assemblies A and Bwere obtained from 5mLmethanol solution
of NdIIICl3$6H2O (0.6 mmol) and TTA (1.8 mmol) treated with
NaOH (1.8 mmol) upon vigorous stirring. Aer 10 minutes of
mixing, the purple ltrate X was collected using vacuum ltra-
tion. Successive addition of 5mLmethanol solution of Azo-py or
4-OHpy (0.6 mmol) to solution X and then slow evaporation for
4 days results in formation block shaped crystals of A and B,
respectively. All products were collected by ltration, washed
with small amount of methanol and used for further charac-
terization. [NdIII(TTA)3(MeOH)2]$0.5Azo-py (A): yield: 414 mg
(68%). Anal. calcd. for NdC31H24F9N2O8S3, (MW ¼ 967 g mol�1):
Nd, 14.9%; C, 38.5%; H, 2.8%; N, 2.9%; F, 17.7%; S, 9.95%.
Found: Nd, 14.5%; C, 38.4%; H, 2.8%; N, 2.9%; F, 17.6%; S,
10.0%. [NdIII(TTA)3(4-OHpy)(H2O)] (B): yield: 380 mg (40%).
Anal. calcd. for NdC30H23F9N1O9S3, (MW ¼ 952.9 g mol�1): Nd,
15.3%; C, 37.8%; H, 2.4%; N, 1.5%; F, 17.9%; S, 10.1%. Found:
Nd, 15.5%; C, 37.5%; H, 2.3%; N, 1.5%; F, 17.9%; S, 10.3%.
X-ray crystallography

Single-crystal diffraction measurements at 90 K for crystals of A
and B, immersed in a paratone N-oil and mounted on Micro
Mounts holder, were conducted using Rigaku R-axis RAPID
diffractometer. Collected data were processed by using RAPID
AUTO (Rigaku). Crystal structures were solved by a direct
method with SIR2011 (ref. 12) for A and SHELXS97 (ref. 13) for B
using CrystalStructure 4.2 crystallographic soware package14

with the exception of renement, which was performed using
SHELXL-2018/3 (ref. 15) by a full-matrix least-squares tech-
nique. For disordered parts, isotropic renements were per-
formed. The disordered model was xed with some restraints
and constraints. Molecular graphics were prepared using
Mercury 3.8 soware.16
Physical techniques

Infrared absorption spectra were measured on a JASCO FTIR-
4100 spectrometer for the pellet prepared by grinding
together polycrystalline samples and KBr. UV-VIS-NIR diffuse
reectance spectra were performed by means of JASCO V-670
spectrophotometer for the powdered mixture of the crystalline
sample and barium sulphate. The elemental analyses were
performed by a standard microanalytical method. Thermogra-
vimetric analysis of the polycrystalline samples were measured
This journal is © The Royal Society of Chemistry 2019
using Rigaku Thermo Plus TG8120 apparatus from 20 to 400 �C
under an air atmosphere with a sweeping rate of 2 �C and with
aluminium oxide as a reference. Emission and excitation
spectra were measured on a Horiba Jobin-Yvon Fluorolog-3
(FL3-211) spectrouorometer (model TKN-7) equipped with
a Xe (450 W) lamp as an excitation source with the liquid
nitrogen cooled InGaAs NIR linear array detectors working in
a photon-counting mode. Temperature dependent NIR emis-
sion and excitation spectra were measured using the above
spectrouorometer and NIR detector where samples were
mounted between two quartz glass inside the cryostat con-
nected to a temperature controller. Temperature dependent UV-
VIS-NIR absorption spectra were measured using Shimadzu UV-
3600plus_MPC-603. Magnetic properties were measured using
a Quantum Design MPMS XL magnetometer. The crystalline
compounds were put with a paraffin oil to avoid the rotation of
the sample under an applied magnetic eld. The diamagnetic
contributions from the sample, oil and the holder were esti-
mated and corrected.
Computational details

DFT calculations were performed using the Gaussian 09
program package.17 The geometries of the models were not
optimized and the coordinates from crystal structure are
employed as the starting structure. Calculations were per-
formed using the unrestricted Becke three-parameter hybrid
functional with the Lee–Yang–Parr correlation functional
(B3LYP)18 with the 6-31G(d,p) basis set. TD-DFT calculations
were performed using UB3LYP to calculate the rst 100 doublet
transitions. Continuous Shape Measure Analysis for coordina-
tion spheres of [NdIII(TTA)3(MeOH)2] was performed using
SHAPE soware ver. 2.1.19
Results and discussion

Red crystals of A were synthesized following previously reported
method20 under basic condition by mixing NdCl3$6H2O with
HTTA and Azo-py in methanol (ESI†). Single-crystal X-ray
diffraction analysis reveals that compounds A crystallize in
the centrosymmetric monoclinic P21/c space group (Fig. 1, and
S4–S6 and Tables S1–S3, ESI†). Asymmetric unit consists of
eight coordinated NdIII ion connected by three TTA and two
methanol molecules along with half equivalent of non-
coordinated Azo-py. The crystalline material depicts eight-
coordinated distorted square antiprism geometry around the
Nd(III) ions as revealed by the continuous shape measure anal-
ysis (Table S3, ESI†). Similar geometry and ligands arrangement
were observed for other LnIII-TTA systems.21 All 2-thiophene
rings are oriented oppositely to the methanol connected to Azo-
py in the pseudo “fac” geometry. Crystal packing of this complex
is supported by hydrogen bonding between Azo-py and meth-
anol (one methanol out of two in anisotropic unit), p/p

interactions among 2-thiophene rings to another 2-thiophene
and azo groups (Fig. S5, ESI†). The crystallinity and purity of
bulk sample were conrmed by temperature-dependent powder
X-ray diffraction measurements, infrared (IR) spectroscopy,
RSC Adv., 2019, 9, 23444–23449 | 23445
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Fig. 1 The structural unit of Awith skeleton of b-diketonate ligand and
methanol (a), the crystal packing along a crystallographic direction
with partial overlap of Azo-py with 2-thiophene rings – red dotted
lines and the hydrogen bonding between MeOH and Azo-py – orange
dotted lines (b), and the view along b-axis with comparison of the
deformed C–N–N bond angle and distance between two centroids of
2-thiophene ring at 90 K (c) and 340 K (d). Black dotted line indicates
hydrogen bonding.
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thermogravimetric (TGA) and elemental analyses (Fig. S1–S3
and S7, ESI†). The optical properties of A including UV-VIS-NIR
absorption, emission and excitation spectra measured at
different temperatures are shown in Fig. 2 and S8–S14 (ESI†).
The absorption spectra in the UV-VIS range have ve charac-
teristic peaks of Azo-py and TTA which are related to the
combined contribution of singlet to singlet transitions (p /

p*) from the organic ligands (Fig. S8–S10 and Table S4, ESI†).
Additionally, sharp peaks in VIS-NIR region are assigned to the
various f–f transitions coming from Nd3+ ion. NIR emission
spectra of A reveal two sharp peaks centred around 895 and
1056 nm, originating from 4F3/2 to

4I9/2 and
4I11/2 transitions on

neodymium(III), respectively (Fig. 2).22 The excitation spectra of
A are centred around 360 nm with contribution exclusively from
TTA and they also have sharp transitions of Nd3+ in the 450–
650 nm range (Fig. 2b).
23446 | RSC Adv., 2019, 9, 23444–23449
The very weak emission signal of A at room temperature
might be caused by less efficient energy transfer from TTA to
Nd(III). Consequently, we prepared reference compound
[NdIII(TTA)3(4-OHpy)(H2O)](MeOH) (B) with coordinated 4-pyr-
idinol (4-OHpy), (Fig. S1, S2, S6, S7 and S9 and Tables S1 and S2,
ESI†), to conrm the previous observation. As indicated in
Fig. S11 (ESI†) the emission and excitation spectra of B have
relatively high intensity and the excitation spectra maxima
compared to A are shied to 392 nm which proves the role of
coordinated 4-OHpy in transferring the energy efficiently to the
NdIII. Moreover, to unravel the coordination effect on the
luminescence properties, A was heated from 10 K to 370 K in the
cryostat under 10�4 Pa pressure slowly by putting it between
quartz plate with Nujol (crystal melted around 380 K under
atmospheric pressure in single-crystal measurement, therefore
T ¼ 370 K was chosen for the experiment). The resulting
emission spectra show gradual decrease of emission intensity
from 10 K up to 300 K which can be attributed to the thermal
activation of non-radiative relaxation pathways (Fig. 2a). Inter-
estingly, emission intensity starts to increase aer heating
sample to 325 K which keep increasing until 370 K (Fig. 2a). On
the other hand, the reverse cooling of the sample increases the
emission intensity almost by ve times at 10 K compared with
pristine sample. Such behaviour can be explained by the release
of the coordinated MeOH (Fig. S2 and S3, ESI†) and structural
changes associated to this process which suppress non-
radiative relaxation pathways and resulting in the more effi-
cient energy transfer between TTA to Nd3+ ions.23c The reason
can be supported by careful analysis of the excitation spectra
(Fig. 2b). The peak intensity of the excitation spectra corre-
sponding to transition from 0SX (singlet ground state) to 1SX
(rst singlet excited state) and to 3TX (triplet excited state)
centred around 360 nm and 392 nm, respectively, changes with
respect to temperature. For thermally stimulated sample triplet
excited state gets populated more efficiently and transfers
energy effectively to the neighbouring lanthanide ion due to
better energy match. Moreover, we measured the single crystal
structure of A at higher temperature of 340 K which indicated
that C–N–N bond angles of Azo-py ring changes along with
increase in the various bond distances (Fig. 1d and Table S1,
ESI†). Upon looking at the temperature dependence of UV-VIS-
NIR absorption and NIR emission spectra, we precisely studied
the temperature dependent changes in the emission peak
appearing at 895 nm in the range 10–300 K for 392 nm excita-
tion light as well as 360 nm light (Fig. 2c, S10–S12 ESI†). The
intensity ratio [(I(4F3/2(2) /

4I9/2)/I(
4F3/2(1) /

4I9/2)] ¼ D(T)) of
these two peaks also known as thermometric parameter are
plotted against temperature for 392 and 360 nm excitation light
(Fig. 2d). The thermometric parameter strongly varies in 25–250
K for 392 nm and 10–300 K for 360 nm excitation wavelengths.
For single centre ratiometric luminescent thermometers
resulting data can be tted by using Boltzmann population
method (eqn (1), where D0 is the pre-exponential factor, DE0 is
the energy difference between two emissive levels at reference
temperature, C is offset factor, kB Boltzmann constant and T is
absolute temperature; D0 (392) ¼ 2.08(7), D0 (360) ¼ 1.67(7),
DE0/kB(392) ¼ �11.70(6), DE0/kB(360) ¼ 443.88(5), C(392) ¼ 0,
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Solid state temperature dependent NIR emission spectra of A measured in 10 / 370 / 10 K temperature cycles for excitation wave-
length, lexc, of 392 nm (a) and the corresponding excitation spectra of A collected at relevant emission wavelength, lem, of 1056 nm (b); the
emission profile at 895 nmmeasured at various temperature for lexc¼ 392 nm (c). (d) Presents the temperature dependence of the thermometric
parameter, D, for lexc ¼ 392 and 360 nm together with the calibration curve (solid line) obtained from the best fit of the classical Mott–Seitz
model involving two non-radiative recombination channels.
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C(360) ¼ 2.25(0), R2 ¼ 0.91(5) (392) and 0.94(7) (360) for lexc ¼
392 and 360 nm respectively) which describes the thermal
depopulation of two thermally coupled energy levels.11

D(T) ¼ I905/I880 ¼ D0 exp(�DE0/kBT) + C (1)

The thermometric performance decreases with increasing
temperature for lexc ¼ 392 nm, however it increases for lexc ¼
360 nm which could be assigned to the difference in the pop-
ulation of thermally coupled emissive Stark levels 4F3/2(1) and
4F3/2(2) (Fig. 2d).23 The excitation by 392 nm populates triplet
excited state of TTA more than the 360 nm light irradiation due
to better energy matching therefore energy transfer in the
former case is more efficient to the 4F3/2(1) Stark level which
results into two opposing thermometric sensing ability
(Fig. S12d and e, ESI†).

The sensitivity (Sr) and uncertainty (dT) for these two exci-
tation wavelengths are computed using eqn (2) and (3) which
indicated the best working temperature of 75–300 K (0.039 < Sr <
0.054 and 0.075 < dT < 1.993) and 10–300 K (0.02094 < Sr <
0.02098 and 0.017 < dT < 1.653) for 392 and 360 nm excitation
wavelength, respectively (Fig. S12d, e, and S13, ESI†). In addi-
tion, we performed thermal heating–cooling cycle in the
temperature range of 50–200 K which shows good repeatability
(Fig. S15 and S16, ESI†).
This journal is © The Royal Society of Chemistry 2019
Sr ¼ 1

D

�
vD

vT

�
� 100 (2)

dT ¼
�
dD

D

��
Sr (3)

The direct-current (dc) magnetic properties for A are indi-
cated in Fig. S17, (ESI†). The cMT value for A at 300 K reaches
1.34 cm3 mol�1 K which is slightly lower than the estimated
value of 1.64 cm3 mol�1 K for Nd3+ ions of the 4I9/2 ground
multiplet. The decrease in the magnetization upon cooling can
be explained by thermal depopulation of themJ levels of ground
electronic state. The saturation magnetization observed at 1.8 K
in Hdc ¼ 50 kOe equals 1.17 mB which is very close to the 1.27 mB

of expected value for mJ ¼ �7/2 ground state with Ising
anisotropy of gz ¼ 5.1.22 The alternate-current (ac) magnetic
studies (Fig. 3, S18 and S19, Table S5, ESI†) in the optimum dc
eld of 1000 Oe shows that A exhibits the single molecular
magnet behaviour with energy barrier of DE/kB ¼ 19.7(7) K,
attempt time of relaxation, s0 ¼ 3.7(8) � 10�7 s and the sQTM

�1

¼ 1300 s�1 aer tting with Arrhenius law indicated by eqn (4).

s�1 ¼ sQTM
�1+ s0

�1 exp(�DE/kBT) (4)
RSC Adv., 2019, 9, 23444–23449 | 23447
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Fig. 3 Ac magnetic properties of A (Hdc ¼ 1000 Oe and Hac ¼ 3 Oe):
frequency (n) dependences out-of-plane, c00

M (a) components of the
magnetic susceptibility for the indicated temperatures in 1.85–7.0 K
range and the temperature dependence of relaxation times (s) pre-
sented as ln(s) versus T�1 plots (b). Solid lines in (a) and (b) were fitted
using the generalized Debye model (Table S8, ESI†) and eqn (4),
respectively.
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The magnetic-eld induced single relaxation process can be
assigned to the thermal relaxation behaviour with small
contribution of quantum tunnelling of magnetization (QTM) at
lower temperature. Thus, A acts as single molecule magnet
generally rare among TTA based NdIII complex (Fig. 3 and Table
S6, ESI†). We also measured the ac magnetic properties for the
heated sample (in the similar condition like sample used for the
luminescence measurement) under applied magnetic eld of
1000 Oe. The heated sample of A shows slightly improved
energy barrier of DE/kB ¼ 27.3 K, attempt time of relaxation s0 ¼
8.5(0) � 10�8 and the sQTM

�1 ¼ 1201 s�1 (Fig. S20, ESI†). The
slight enhancement of energy barrier could be attributed to the
fact that magnetic anisotropy of the Nd3+ ion improved due to
release of two co-ordinating methanol (Fig. S2, ESI†).
Conclusions

In conclusion, we synthesized dinuclear coordination network
[NdIII(TTA)3(MeOH)2]$0.5Azo-py (A) in which two asymmetric
units are linked by an organic linker with hydrogen bonds. The
crystalline compound reveals temperature dependent NIR
emission as well as SMM properties. Upon heating the lumi-
nescence intensity increases by almost ve times which is
assigned to the thermally stimulated emission due to suppres-
sion of non-radiative relaxation pathways, hence, efficient
energy transfers from TTA to Nd3+ ions. Additionally, NIR
emission intensity can be modulated by temperature, which
helped us to design a ratiometric thermometer in the temper-
ature range 10–300 K. In the future, we will focus on the
exploration of correlation between magnetic properties and
ratiometric emission behaviour and the observation of the
external stimuli effect on such phenomenon.
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