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Slow magnetic relaxation in a Tb(i)-based coordination polymer

A one-dimensional Tb-based coordination polymer (polyTb) was
synthesized, which showed field-induced magnetic relaxation in
solid and solution state as well as green luminescence due to f-f
transition.
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A Tb(m)-based coordination polymer (polyTb) was synthesized by complexation of Th(NO=)s:(6H,0) and
4',4""-[1,1'-biphenyl]-4,4'-diylbis[6,6"-bis(ethoxycarbonyl)2":6",2" -terpyridine](L). The polymer structure
was determined by Job's plots, DFT calculation, and X-ray absorption fine structure (XAFS) measurement.
Job’s plots indicated that the mole ratio (Tb ion: L) is 1: 1. The optimized model structures suggested a La
model: the LaNg:--(O=C), model. The bond distances of La—O and La—N are ~2.80 A and 2.60 A,
respectively. The EXAFS fitting indicated that the bond distances of Tb—-O and Tb—N are 2.65 A and
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luminescence of polyTb, originating from an f-f transition, was observed (¢ = 6.9%). polyTb formed a
porous structure on a Si substrate, whereas a fibrous complex structure was formed on glass. polyTb

rsc.li/dalton

Introduction

Coordination polymers (CPs) have received much attention
due to their luminescence," electrochromism,'“* and ion con-
ductivity. These properties greatly depend on the metal
species included in the polymer. The zinc and lanthanoid
polymers present good light emission properties. Holten-
Andersen reported white-light-emitting lanthanoid metallogels
with switching properties.’® Luminescent CPs will realize prac-
tical probes and sensors.

As for the magnetic properties, Kurth reported spincross-
over phenomena.*® Murray reported light induced excited
spin state trapping.*” A molecular magnet is one of the prime
candidates for quantum memory since it can store infor-
mation on spin such as up spin and down spin. Organic
n-conjugated polymers with radicals show slow magnetic
relaxation owing to magnetic ordering.” Although the
reported polymer shows a larger magnetic moment, it is
difficult to store the information on an independent spin
centre because of an isotropic m-orbital. Since lanthanoid
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chains are orientated on glass, which were determined by XRD.

(Ln) ions have strong intrinsic magnetic anisotropy and large
activation barriers (A) between up-spins and down-spins, as a
result of spin-orbital interaction, the complexes will act as
molecular magnets.® There are several lanthanoid com-
pounds with a 1D chain structure, but they have high crystal-
linity and cannot be treated like soft materials.®*” Molecular
orientation is one of the important factors for making mole-
cular-based optical devices or memory, because there is
orientation dependence for properties that arise from mole-
cular polarization or magnetic anisotropy. Successful
research on molecular-based quantum devices has been
reported, where the molecule attaches onto a surface by
vacuum deposition or Langmuir-Blodgett film formation.”
On the other hand, molecular-based bulk devices have been
reported, where the molecule attaches onto the surface by
simple coating.® CPs have good film forming abilities and
can form composites of polyTb and other polymers.’ This
will extend the application of the CPs as molecular magnets
and/or luminescent sensors. We synthesized a Tb(m)-base
coordination polymer (polyTb) using a terpyridine ligand
(L: 4',4""-[1,1"-biphenyl]-4,4"-diylbis[6,6"-bis(ethoxycarbonyl)
2":6',2"-terpyridine], Fig. 1a) to reveal the expansivity of mag-
netic materials.

Results and discussion

First, we investigated the complexation behavior of Tb ions
and L by Job’s plots. A Job’s plot at 340 nm is shown in
Fig. 1b. The intensity at 340 nm gradually increases, when the

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) A structure of L; (b) Job's plots for the complexation of
Tb(NOs3)s and L at 350 nm; (c) UV/vis spectrum of L and polyTb.

amount of Tb ion is increased up to 0.5. Then the intensity
gradually decreases up to 1. These results indicated that the
mole ratio is 1: 1, or they formed a 1D chain structure (Fig. 2).

According to the results of Job’s plots, we synthesized
polyTb by 1:1 complexation of Tb(NO;);:(6H,0) and L. We
described the synthesis of L in the Experimental section.

Fig. 2 An expected structure of polyTb.
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Andreiadis reported the synthesis of a similar Eu complex of
discrete small molecules by simple mixing of the metal salt
and ligand in a solvent.'® To L (9 mg, 0.01 mmol) was added
Tb(NO;);-6H,0 (4 mg, 0.01 mmol) in 20 ml CH,Cl, solution.
After several hours, a yellow solution of polyTb was obtained.
After evaporation, we obtained a yellow solid of polyTb. polyTb
was characterized by elemental analysis and IR spectra. The
UV/vis spectra of polyTb and L are shown in Fig. 1c. There are
n-n* transition peaks of L at 250 nm 300 nm. There is a clear
metal-to-ligand charge transition (MLCT) or ligand-to-metal
charge transition (LNCT) peak of polyTb at 340 nm.

To estimate the coordination structure of polyIb, we made
a La model: the LaNg---(O=C), model instead of a Tb model
(to avoid errors of calculation induced by multiple f® spins)
and optimized the structures (Fig. 3). The optimized coordi-
nation structure of each model is shown in Fig. S1t (coordi-
nates in Table S1f). The La ions have D,,.'" The bond dis-
tances of La~O and La-N are ~2.80 A and 2.60 A, respectively.
These distances are similar to the reported coordination struc-
ture of the Eu complex with the terpyridine ligand which is an
analogue of L, where there are an Eu-O bond (~2.44 A) and an
Eu-N bond (~2.68 A)." Therefore, these models are appropri-
ate for determining the coordination structure of polyTb. In
addition, the intramolecular La-La distance was estimated to
be more than 22 A and the shortest intermolecular La-La dis-
tance was at least 11 A (diameter of the ligand). Therefore, we
concluded that there is no magnetic ordering among the Tb
ions of polyTb due to long Tb-Tb distances.

For further evidence, we performed X-ray absorption fine
structure measurements at the Lz-edge of the Tb ion at the
Synchrotron Facility (BL-9A KEK). X-ray absorption near edge
structures (XANES) at the Tb L;-edge are shown in Fig. 4. The

Top view

Side view

Fig. 3 The optimized structures of the La model. The ethoxycarbonyl
groups were replaced with methoxycarbonyl groups for simplifying the
calculation. Hydrogen atoms are omitted for clarity.
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Fig. 4 XANES of Tb,O3 and polyTb.

Tb L;-edge spectra of 1 was not shifted from 7519 eV (peak top
of the edge of the standard sample of Tb,0;). The results indi-
cate that the oxidation state of Tb ions of 1 is trivalent."> From
the EXAFS region, the fitting revealed that the coordination
bond lengths around the Tb ions (Tb-O, Tb-N) are 2.67 A and
2.84 A (R-factor; 1.5%, Table 1, EXAFS oscillation is shown in
Fig. S27). Both results relatively match to each model.

The T vs. T plots for polyTb are shown in Fig. 5a (y: mag-
netic susceptibility). The yT value for polyTbh was constant at
10.5 cm® mol ™" K in the range of 100-300 K, consistent with
the expected value for an uncoupled Tb ion (11.82 cm® mol™"
K). The values decreased with a decrease in temperature in the
range of 10-100 K. These decrements were attributed to the
depopulation of the m; state of the Tb ion, and not to magnetic
ordering. The reduced magnetization plots for polyTbh almost
overlapped each other, indicating that the magnetic anisotropy
of polyTb is small (Fig. 5a inset). The magnetization vs. field
plots for polyTb are shown in Fig. S3.f No hysteresis was
observed.

No clear frequency dependence in zero dc field was
observed for polyTb, because of a fast quantum tunneling
relaxation process. However as soon as a dc field was applied,
polyTb shows a clear frequency dependency of magnetic relax-
ation or slow magnetic relaxation, in which quantum tunnel-
ing is suppressed (Fig. 5b and S5f). Only a single relaxation
time (z) was obtained from the magnetic data acquired in a
3000 Oe field (although the 7 values increase or the QTM is
gradually suppressed up to 4000 Oe (Fig. S41), we acquired the
data using an applied field of 3000 Oe because of the
maximum »" and symmetric relaxation curve) in the tempera-
ture range 2-4 K. Each relaxation was fitted using the Cole-

Table 1 Fitting results for Tb—O and Tb—N distances from EXAFS

N R(A) o (A% E, (eV)
Tb-O 4 2.83 0.025 -8.03
Tb-N 6 2.67 0.012 -8.03

N: coordination number, R: radius.
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Fig. 5 (a) #T vs. T plots for polyTb measured under a field of 3000 Oe
in the T range of 10-300 K. Inset: reduced magnetization of polyTb at
various temperatures. (b) " vs. T plots for polyTb under a field of 3000
Oe in the T range of 2—4 K.

Cole model."”* All 7 values are almost constant up to 4 K, a

direct process (z7' = AH'T) or the Orbach process (7 * = exp(=4/
ksT)) with a small A being dominant (Fig. S67).

Upon further investigation, we found that polyTb shows
magnetic relaxation in the isolated state for making compo-
sites of polyTb and other polymers. We measured the AC sus-
ceptibility of a 1 mM CH,Cl, solution of polyTb. There is mag-
netic relaxation which is faster than that in the solid-state
(Fig. S77). This is properly attributed to the coordination geo-
metry change around the Tb ion that arises from the absence
of stacking among the polymers, where the coordination
environment around the Tb ion is less distorted. However,
there is potential for composites of polyTb and other polymers
showing magnetic properties under diluted conditions.

At room temperature (RT), upon excitation at 300 nm
assigned to the m—r* transition of polyTb, the characteristic
luminescence of the D, — “F,, f-f transitions (n = 6, 5, 4, 3) of
Tb ions was observed at 490, 542, 584, and 623 nm (Fig. 6). In
addition, at 77 K, the characteristic luminescence of the f-f
transitions of Tb ions was observed at 493, 543, 583, and
621 nm. The quantum yield of the region between 450 and
650 nm is 6.9% for the Tb f-f transition at RT. This low
quantum yield is probably because of the high symmetry of
the coordination sphere in the solution.'* The excitation
spectra of polyIb probed at 640 nm are shown in Fig. S8.T A

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Emission spectra of polyTb at RT and 77 K in CHCls solution.
Quantum yield was calculated as 6.9% at RT.

broad band with a peak at 300 nm was observed, where the
shape of the edge is similar to that of the absorption spectra
of polyThb in the range of 340-400 nm (corresponding to MLCT
or LMCT: CT). This result indicated that the intra-molecular
energy transfer terminated at the 'CT band during irradiation.
Then, energy transfer occurs in 'CT — *T; — °D,.

To investigate the film-forming properties of polyTb, we
measured the morphology of polyTb on the surface by scan-
ning electron microscopy (SEM), where we prepared a film by
drop-casting. The SEM images of polyTb on Si and glass are
shown in Fig. 7. polyTb formed a porous structure (diameter of
the particle is about several 10 pm) on a Si substrate, whereas
a fibrous complex structure (diameter of fibres is about several
pum) was formed on glass. To investigate the difference of each
surface, we performed X-ray diffraction (Fig. S91). There are
characteristic diffraction patterns, similar to the patterns of
the powder sample, at 11.9, 12.5, 13.4, 15.8, 16.8 and 17.6
degrees on the Si substrate. There are also characteristic diffr-
action patterns at 11.9, 12.5, 13.4, 15.8, 16.8 and 17.6 degrees
on the glass substrate. However, the peaks at 13.4 and 17.6

Fig. 7 SEM image of polyTb on (a,b) glass, (c) Si and (d) powder.
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degrees are enhanced, whereas other peaks became weaker.
These results indicated that polyTb formed random orien-
tation on the Si substrate like powder and preferred orien-
tation on the glass substrate. Although we couldn’t index each
peak because of low crystallinities, we expected that polymer
chains along with the glass substrate, where peaks are corre-
lated to inter-chain and/or inter-chain Tb-Tb distances, are
enhanced. From the results of SEM and XRD, the polymer
chains of polyTb properly formed an orientated fibrous struc-
ture along with the glass substrate by drop-casting. This is
properly because polymer chains have a high affinity to glass.
These properties enable the easy formation of polarized lumi-
nescence’* and orientated magnetic devices.”*”®

Conclusions

Among Tb-based CPs, polyTb was synthesized by complexa-
tion of Tb(NO;);-(6H,0) and L. The coordination structure
(TbN4O,) is determined by Job’s plots, DFT calculation, and
X-ray absorption fine structure measurement; a 1D chain
coordination polymer is formed. polyTb shows field-induced
magnetic relaxation in the solid and solution state. The
luminescence of polyTb, originating from an f-f transition,
was observed (f = 6.9%). The coordination structure around
Ln ions is the dominant factor for both magnetism and
luminescence. However, it is hard to obtain information
about the structure due to low crystallinity. In this work, we
estimated the structure of CPs by DFT calculation and XAFS
measurement. It is an effective method for designing high
performance CPs which are molecular magnets. In addition,
polyTb formed a porous structure on the Si substrate,
whereas a fibrous complex structure was formed on glass.
The polyTb film is orientated on glass, determined by XRD.
In conclusion, we synthesized materials which show slow
magnetic relaxation and orientation on the surface. These
properties will simplify the fabrication of optical and mag-
netic devices.

Experimental
Synthesis of polyTb

To 40 mL of a DMSO solution of diethyl 4'-(4-bromophenyl)-
[2,2":6",2"-terpyridine]-6,6"-dicarboxylate (0.30 g, 0.56 mmol)
were added bis(pinacolato)diboron (0.157 g, 0.62 mmol),
K,CO; (0.39 g, 2.81 mmol), and PdCl,(PPh;), (0.035 g,
0.56 mmol). The resultant reaction mixture was stirred at
100 °C under a nitrogen atmosphere for 12 h. After completion
of the reaction, the solvent was removed under reduced
pressure at 100 °C. The reaction mixture was cooled to room
temperature and CHCl; (50 mL) was added. The catalyst was
removed by filtration and washed thoroughly with CHCl;. The
filtrate was then washed with H,O. The separated organic layer
was dried over Na,SO,, filtered, concentrated, and purified by
column chromatography on silica gel (CHCly/n-hexane =

Dalton Trans., 2018, 47, 16066-16071 | 16069
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90:10, then pure CHCl;), and then finally purified by HPLC
(CHCL) affording the desired product (L) (0.17 g, 33%) as a
white solid. "H NMR (300 MHz, CHCl;, 298 K) 8.94 (s, 4H),
8.88 (d, 4H), 8.18 (d, 4H), 8.04 (m, 8H), 7.90 (s, 4H), 4.51 (q,
8H), 1.49 (t, 12H), HR-MS: found m/z: 927.32 [M + Nal;
Cs4H44NgOg [M] requires 904.32. To L (9 mg, 0.01 mmol) was
added Tb(NO3);-6H,O (4 mg, 0.01 mmol) in 20 ml CH,CI,
solution. After several hours, a yellow solution of polyTb was
obtained. After evaporation, we obtained a yellow solid of
polyTb. Elemental analysis: Found: C, 45.49; H, 4.00; N, 9.07
Calc. for [TbL](NO;);-(6H,0 + CH,Cl,) = C55H55N90,;5ClL,Th: C,
45.78; H, 4.05; N, 8.74%. IR spectrum (KBr, cm™'): 3051 (m),
2999 (m), 1604 (s), 1628 (s), 1587 (s), 1567 (m), 1540 (m), 1469
(m), 1395 (s), 798 (m), 725 (m).

Calculation

Structural optimizations were performed on the Gaussian16
program package.’® The molecular structure was determined
using the model made by Avogadro.’® The B3LYP'” functional
was used with the LanL2DZ basis set including the effective
core potential."® The SCF procedure was performed under very
strict conditions. An ultrafine integration grid was used for
integration. Publication materials
Avogadro.'®

were visualized by

XAFS measurement

X-ray absorption fine structure (XAFS) measurements were
carried out at the BL9A beamline of the Photon Factory, the
High Energy Accelerator Research Organization (KEK), under
the proposal no. 2017PF-04. Structural analysis was performed
on the Demeter software platform.'” We used the optimized
structure and reported crystal data'® for calculating Feg.

Spectroscopy

UV-vis spectra were acquired on a SHIMADZU UV-2550 UV-
visible spectrophotometer. FT-IR spectra were acquired on a
FTIR-8400S infrared spectrophotometer. Emission and exci-
tation spectra were acquired in CHCl; solution on a
SHIMADZU RF-5300PC spectrofluorophotometer with Oxford
OptistatDN cryostats. The absolute emission quantum yields
and emission lifetimes were measured on a Hamamatsu
Photonics K. K. absolute PL quantum yield spectrometer 9920-
02G.

Magnetometry

DC and AC magnetic susceptibility measurements were per-
formed on a solid polycrystalline sample on a Quantum
Design MPMS SQUID magnetometer under an applied dc field
of 3000 Oe.
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