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We report the synthesis, crystal structure and photo-magnetic properties of novel Tb/Eu polymeric complexes of general

formula {Tb,Eu;.,(o—fur)s(H,0)s},, supported by 2-furancarboxilic acid: the homonuclear Tb(lll) complex {Tb} (1), four
heterodinuclear complexes, {TbgsEuo,} (2), {Tho7EUe3} (3), {TbosEuo 7} (4), {Tho1EUose} (5), and Eu(lll)-only complex {Eu} (6).
X-ray diffraction experiments evidence that the a-furoate ligands, acting in bridging mode consolidate 1D polymeric chains

along the c-axis. Luminescence studies show the sensitization capability of the furoic acid ligand. Color tuning from green

to red can be successfully achieved through the heterodinuclear strategy. We have measured Eu emission by direct

excitation at the resonant "Fo=>"Lg (395 nm), and indirectly, by excitation of the non-resonant wavelength (280 nm) which

provokes ligand->Tb—>Eu energy transfer. Besides, ac susceptibility measurements under varying frequencies and

temperatures reveal that mixed {ThsEu,..} complexes exhibit field-induced slow relaxation dynamics, with extremely slow

relaxation times, owed to direct processes affected by bottleneck effect. Thus, {Tb,Eu;«} complexes represent interesting

low-dimensional multifunctional materials combining both luminescent and SMM magnetic properties.

1. Introduction

The field of molecule-based multifunctional materials has
advanced quickly over recent years. Recent reports tend to focus on
their fundamental qualities and potential application as molecular
magnets with additional optical or electrical conductivity
properties.1 Trivalent lanthanide (Ln®") complexes are especially
attractive because their unusual electronic properties make them
well suited both for the construction of low-dimensional magnetsH
and as luminescent agents.HWithin the huge family of lanthanide-
based molecular magnets, Dy(lll) has been the most popular ion for
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the synthesis of Single-lon Magnets (SIMs)10 and Single Molecule
Magnets (SMMs).9 Complexes based on terbium (lll) non-Kramer’s
ion are less numerous, but with a leading importance in the field,
like the first and extensively studied double-decker [TbPc,] SIMS,W
3 some SMMs with record energy barriers (Uq=938 K)*, the first
3d-Af SMM ([CuLTb(hfac)z]z),15 and complex
{[(Me3$i)2N]Z(THF)Tb}Z(u—NZ)le deploying one of the highest blocking
temperatures (T = 14 K) within all SMMs. ™

Works on SMMs including two different (Ln-Ln’) ions are much
scarcer. Among them, doping studies on triple-decker
phtalocyanine”‘18 and polyoxometallates19 heteronuclear
complexes have played an important role in understanding the slow
magnetic relaxation properties of dinuclear 4f SMMs. In addition,
asymmetric dinuclear [Ln-Ln’] complexes with the two metal
centres magnetically different from each other are being currently
investigated as promising candidates for the realization of
qugates.zof23

The luminescence properties of Ln(lll) ions have stimulated on
the other hand the investigation of novel coordination complexes
with potential application in a variety of areas such as an organic
light emitting diode (OLED), bioassays, contrast agents for magnetic
resonance imaging etc. Lanthanides exhibit sharp emission spectra,
mostly in the visible and IR range, such as green emission for Tb(lll)
or red emission for Eu(lll). Luminescence emission arises from f-f
transitions, which are well shielded from the environment by the
filled 5s and 5p orbitals, and have very long-lived states. Since direct
excitation of the Ln(lll) cation is very weak, it must be often
sensitized through a coordinated ligand acting as an “antenna”. The
emission intensity of the lanthanide complex is strongly dependent
on the efficiency of the ligand-to-metal energy transfer, and
therefore, significant efforts have been made to design ligands
combining good coordinating and sensitizing properties.7’24_26
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Recently, heteronuclear lanthanide-based coordination
polymers are attracting much attention because of their tunable
luminescent properties.27‘28 It has been demonstrated that the
heterodinuclear strategy allows tuning both the emission brightness
and the color. A wide range of color shades from red to green,zg_32
and from blue to green31 were obtained in Tb/Eu complexes, while
white emission has been reported in some Th/Eu mixed complexes
and Eu/Dy MOFs.*** In mixed-lanthanide complexes, besides the
antenna effect, energy transfer is also possible between two or
more Ln ions, as observed e.g. in Y/Tb,35 Sm/Tb36 and Tb/EuZS’BH10
complexes. The understanding and control of the luminescent
features by effective sensitization is extremely important due to the
field of application in sensors or in light-emitting diodes (LED)
technology.41

Bifunctional Ln-based complexes exhibiting both luminescent
and SMM properties are rare and limited to homonuclear
(:omplexes.“_45 Ligand design is a key aspect to achieve
bifunctionality: for SMMs, ligands with orbitals able to overlap the
lanthanide 4f orbitals are desirable, whereas for luminescence,
ligands that can work as efficient antennas and protect the Ln ion
from vibration coupling, which may quench emission, are preferred.

Carboxyl group of 2-furoate ligand is able to mediate different
magnetic couplings in light and heavy rare earth complexes.13 We
recently reported the synthesis and characterization of some one-
dimensional magnets based on furoate (a-fur=0a-C,H;0CO0):
homonuclear {Dy(ocffur)g,}n46 and {Tb(ocffur)g,}n,47 and polynuclear
{ILn,Sr(a—fur)s(H;0)a]}y-2H,0" and {[Dy,Ba(a—fur)s(H,0)al}y-2H,0%
complexes.

In the present paper we expand our efforts to the synthesis and
photo-magnetic characterization of novel {Tb/Eu} a-furoate
complexes of general formula {[Th,Eu,,(a-fur)s;(H,0)s]},, where
x=0...1, including the homonuclear {Tb}(x=1) and {Eu}(x=0)
complexes and substitutional complexes with decreasing Th/Eu
ratios. We discuss in detail how the substitution of Tb by Eu ions
affects the luminescence and dynamic relaxation properties of
these low-dimensional magnets.

2. Experimental methods

X-ray powder diffraction: measurements were performed with a
Nonius Kappa CCD diffractometer fitted with an Oxford model 700
cryostream cooler. Data were measured at 100 K using a
combination of ¢ and ® scans with k offsets. The data frames were
integrated and scaled using the Denzo-SMN package. The structure
was solved by direct methods and refined by full-matrix least
squares using the software teXsan for Windows v. 1.06.

Solid state luminescent measurements: room-temperature
luminescent properties under different excitation wavelengths
ranging from A,.=280-400 nm, and quantum yield (QY)
measurements were obtained using a Hamamatsu Absolute PL
Quantum Yield spectrometer C11347 (Quantaurus QY). The
absolute quantum yield (ratio of the number of photons emitted by
photoluminescence to the number of photons absorbed by the
light-emitting material) measurements were performed using an
integrating sphere. The absorption and emission spectra of the
sample container (the blank) were recorded before measuring the
powdered sample inside the same container. The QY was calculated
then as: 9 =(E.-E,)/(L,-L.), with E. being the integrated

emission spectrum of the sample, E, the integrated blank emission
spectrum, L, the blank absorption, and L. the sample adsorption at
the excitation wavelength.

2 | J. Mater. Chem. C., 2018, 00, 1-3

Additional solid-state luminescent spectra were obtained in a
different spectrometer equipped with a 1000 W ORIEL 66187
tungsten halogen lamp and a double 0.22 m SPEX 1680 B
monochromator. Fluorescence emission was detected using a 0.5
JARREL-ASH  monochromator with a Hamamatsu R928
photomultiplier tube. All optical spectroscopy measurements were
corrected from the system response. Emission decay curves were
obtained with the lamp beam modulated with a mechanical
chopper. Lifetime measurements were carried out using a digital
store oscilloscope triggered by the chopper.

Colorimetric  measurements: the color coordinates
determination was performed by the analysis of the emission
spectra measured with the C11347 spectrometer described above.
Tabulated color-matching functions X(A), ¥(A), Z(A) are given for
computing from spectral measurements the CIE triestimulus values
X, Y, Z and chromaticity coordinates x, y for the CIE 1931 standard
observer 2° from 380 nm to 780 nm.” Primary stimuli can be

calculated as X :kj](i)f(i)d/i , Y= kj](/l)y(,i)dﬂ ,
i A
Z = k[ 1()ZT(A)d A with k =100/ [1(2)F(A)d 4 , where I(A)
A A

is the spectral power of the luminescence decays measured with
the spectrometer. Chromaticity coordinates x, y were obtained by
dividing each triestimulus value X, Y, Z by the sum of all three,
x=X/(X+Y+2);y=Y/(X+Y+2).

Magnetometry: dc and ac susceptibility of powdered samples
were measured, above 1.8 K, using a Quantum Design
superconducting  quantum interference  device  (SQUID)
magnetometer. Ac measurements were done at an excitation field
of 4 Oe, and under dc fields between 0-20 kOe, while sweeping the
frequency between 0.01 and 1000 Hz. Measurements on powdered
samples were performed with the addition of Daphne oil,
introduced to fix the grains at low temperatures.

Heat capacity: C(T) under different applied fields (0-4 kOe) was
measured on a pressed powder pellet fixed with Apiezon N grease
to assure good thermal contact, using a Quantum Design PPMS.

3. Synthesis

The rational design of specific clusters with two different
lanthanides in a monocrystal and characteristic luminescence is still
a challenge for chemists. Herein we report an original method for
the preparation of these lanthanide complexes. All manipulations
were performed under aerobic conditions. All chemicals were used
as received. {[Ln,Sr(a-fur)g(H,0)4]1},-2H,0 were available from
previous work. Two general protocols were applied for the
preparation of homo and heteronuclear complexes.

Method A. An aqueous solution (10 ml) of magnesium(ll) furoate
(0.5 mmol) was added to an ethanol solution (10 ml) of
lanthanide(lll) perchlorate (0.5 mmol) with constant stirring for 20
min until the solution becomes transparent. After a week colorless
crystals were collected, washed with ethanol and dried under
vacuum. Later on we found that heteronuclear compounds can be
obtained more conveniently by method B.

CAUTION: Perchlorate salts of metal complexes with organic ligands
are potentially explosive and must be handled with caution.

Method B. To a stirred solution of {[Ln,Sr(a-fur)g(H,0)4]},-2H,0 in

H,0 (15 ml) a colorless solution of lanthanide(ll) sulfate was added.
The resulting solution with a precipitate of strontium(ll) sulfate was

This journal is © The Royal Society of Chemistry 20xx
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stirred for 30 min and filtered and the filtrate was left undisturbed
to concentrate slowly by evaporation. After about one week, well-
shaped crystals were collected by filtration, washed with ethanol
and dried under vacuum. The identity of the products was
confirmed by elemental analysis (C, H) and IR spectroscopic
comparison with materials from method A.

Despite the identity of the obtained results and affiliation with
exchange (ligand-to-ligand for method A and metal-to-metal for
method B) reactions, they have some conceptual differences. First
of all, in case of method A, we can see the formation of
thermodynamically favorable Ln(lll) furoate complex derived from
the straightforward mixing of corresponding salts in aqueous
solution. This is not the case for method B, where we constrain
metal-to-metal exchange (Sr2+ to Ln3+) through the separation of
insoluble product, strontium(ll) sulfate. A similar synthetic strategy
was successfully applied for the exchange transformation from the
us-oxo {Fe,Ba} carboxylates51 to the novel “butterfly”-like SMMs
familysz_57 based on the first example of iron-lanthanide
carboxylate.52 Finally, the method A is a less favorable route than
method B because of the safety issues associated with hazardous
work with explosives.

{Tb(a-fur);(H,0)3},, abbreviated {Th}(1)

The synthesis of (1) by method A was previously reported.49 The
same result was obtained by method B when we used as precursor
{[Tb,Sr(a-fur)g(H,0)a]},-2H,0°®  (0.420 g 0.3 mmol) and
Th,(S0,);-8H,0 (0.075 g, 0.1 mmol). White crystals were obtained in
ca. 80% vyield. Calc. for (TbO4,Cy5H;5),: C, 32.98; H, 2.77;. Found: C,
32.91; H, 2.78; IR (cm'l): 3120b, 1583sh, 1564b, 1471s, 1413s,
1399b, 1230m, 1199s, 1136m, 1074m, 1013m, 932m, 883m, 785b,
759b.

{Tbg gEug »(a-fur);(H,0)s},, abbreviated {Tb, gEu, 5}(2)

This complex was prepared by method A, using the respective ratio
of the initial perchlorate salts, Eu(ClO,);-8H,0 (0.40 mmol) and
Tb(ClO,4)5:8H,0 (0.10 mmol). White crystals were obtained in ca.
80% vyield. Calc. for (C15H15012EU0‘2Tb018)n: C, 33.07; H, 2.77; Found:
C, 33.10; H, 2.82; IR (cm'l): 3072b, 1583sh, 1544b, 1474s, 1417s,
1368b, 1232m, 1196s, 1136m, 1076m, 1010m, 934m, 884m, 784b,

(b)

s Chemistry:

ARTICLE
766b.

{Tby 7Eug 3(a-fur)s(H,0)s},, abbreviated {Thy ;Eug 3}(3)

This complex was prepared by method B, used as precursors
{[Tb,Sr(a-fur)s(H,0)4]},-2H,O  (0.420 g, 0.3 mmol) and
Eu,(S0O,4)3-8H,0 (0.074 g, 0.1 mmol). White crystals were obtained in
ca. 85% yleld Calc. For (C15H15012EUO_33Tb0_67)n1 C, 33.13; H, 2.78;
Found: C, 33.11; H, 2.88; IR (cm’l): 3120b, 1584sh, 1541b, 1472s,
1417s, 1368b, 1233m, 1200s, 1136m, 1077m, 1010m, 936m, 885m,
784b, 767b.

{Tbg 3Eug 7(a-fur)3(H,0)s},, abbreviated {Th, 3Eu, ;}(4)

This complex was prepared by method B, used as precursors
{[Eu,Sr(a-fur)g(H,0)4]},-2H,O0  (0.416 g 0.3 mmol) and
Th,(S0,)3-8H,0 (0.075 g, 0.1 mmol). White crystals were obtained in
ca. 85% vyield. Cal. for (C15H15012EUO'67Tbo_33)n1 C, 33.28; H, 2.79;
Found: C, 33.21; H, 2.75; IR (cm’l): 3120b, 1584sh, 1541b, 1472s,
1417b, 1367b, 1234w, 1200s, 1137m, 1077w, 1010m, 936m, 884m,
784b, 767b.

{Tbg 1Eug s(a-fur)s(H,0)s},, abbreviated {Thy 1Eug o} (5)

This magnetically diluted powder sample was prepared by method
A, using the respective ratio of the initial salts Eu(ClO,);-8H,0 (0.45
mmol) and Tb(ClO,);-8H,0 (0.05 mmol). White crystals were
obtained in ca. 80% vyield. Calc. for (Cy5H;5041,EUq 9Thg 1),: C, 33.37;
H, 2.80; Found: C, 33.31; H, 2.78; IR (cm'l): 3119b, 1583sh, 1541b,
1471s, 1417s, 1368b, 1233m, 1199s, 1136m, 1076m, 1010m, 935m,
885m, 785b, 767b.

{Eu(a-fur);(H,0)s},, abbreviated as {Eu} (6)

This was prepared by method A, using as precursors magnesium(ll)
furoate (0.5 mmol) and Eu(ClO,);:8H,0 (0.5 mmol). White crystals
were obtained in ca. 80% yield. Calc. for (C;5H,504,Eu),: C, 33.41; H,
2.80; Found: C, 33.38; H, 2.78; IR (cm'l): 3119b, 1583sh, 1544b,
1473s, 1419s, 1368b, 1233m, 1199s, 1136m, 1076m, 1010m, 935m,
884m, 785b, 767b.

EDX analysis: Energy-dispersive X-ray spectroscopy (EDX) analysis
was used to investigate the composition of the samples. Fig. S1
(left) shows e.g. a broad-area EDX spectrum of the synthesized

Fig. 1. (a) Extended asymmetric unit in the crystal structure of {Th,Eu,.(a~fur);(H,0)s}, with atom labeling scheme and thermal ellipsoids
at 50% probability level. Symmetry codes: Y05 -x,05-y,2-z 0.5 —x,0.5—y, 1 -z H-bond parameters: O2w-H---08 [02w-H 0.834 A,
H--08 1.774 A, 02w---08 2.603(8) A, £ 02w-H---08 172.7 °; (b) stoichiometric random distribution of Th-Eu atoms along the 1D polymeric

parallel to the c-axis.

This journal is © The Royal Society of Chemistry 20xx
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complex (4). The expected emission lines from Eu and Tb were

Table 2. Selected bond distances (A) for 3, 4 and 6.

apparent in the figures, indicating the presence of Tb and Eu in the 3 a4 6
complex. The relative integrated intensity of appropriate pairs of Tb (M=Tb/Eu) (M=Tb/Eu) (M=Eu)
and Eu emission lines allowed the calculation of the Th/Eu atomic M1-01 2.326(3) 2.320(3) 2.354(5)
ratio. This analysis demonstrates that we were successful in M1-01lw 2.424(3) 2.412(3) 2.559(4)
synthesizing mixed-lanthanide compounds where europium and M1-02' 2.347(3) 2.340(3) 2.327(4)
terbium are equally incorporated into the crystal structure. This is M1-02w 2.564(3) 2.547(3) 2.425(4)
not entirely unexpected since these lanthanides do not vary M1-03w 2.500(6) 2.502(9) 2.478(13)
considerably in their ionic radii. M1-Odw 2.491(8) 2.407(8) 2.450(12)
M1-04 2.306(3) 2.303(3) 2.381(4)
M1-05° 2.378(3) 2.369(3) 2.328(5)
. .- M1-07x 2.417(8) 2.492(9) 2.413(13)
4. Structural characterization M1.07 2.407(6) 2.375(9) 2.466(12)
Compounds 1-6 form a series of isomorphous coordination 01-C1 1.250(5) 1.253(5) 1.256(7)
polymers with the general formula {Tb,Eu,_(a-fur);(H,0)s},, with a- 02-C1 1.246(5) 1.252(5) 1.252(7)
fur=C,H;0COO0. Table 1 provides a summary of the crystallographic 03-C2 1.372(5) 1.368(5) 1.376(7)
data together with refinement details for compounds 1-6. CCDC 03-C5 1.362(6) 1.363(5) 1.356(8)
1438521 (3), CCDC-1438520 (4) and CCDC-1438519 (6) contain the 04-Cé 1.253(5) 1.256(5) 1.252(8)
supplementary crystallographic data for this contribution. 05-Cé 1.260(5) 1.250(5) 1.257(8)
Compounds (2, 5) are isostructural to the mentioned complexes, 06-C7 1.365(5) 1.362(5) 1.365(8)
which was confirmed by X-ray powder diffraction analysis (Fig. S2). 06-C10 1.365(6) 1.353(5) 1.352(7)
Selected interatomic distances are listed in Table 2. 08-C11 1.269(7) 1.266(12) 1.287(14)

The main structural features of 2-6 are similar to those of
previously reported complex (1).47 We summarize here the principal
structural characteristics, and focus on the particularities
introduced by the substitution of Tb by Eu in the heterocomplexes.
The Eu substitutes Th randomly in the crystal lattice. The
coordination polyhedron of each Ln=Tb, Eu can be described as a
distorted bicapped trigonal prism (Fig. 1a and Fig. S3).

Symmetry codes: 0.5 -x,05-y,2-2z 705 -x,05-y,1-z

Each Ln is coordinated by eight oxygen atoms: four oxygen
atoms from two pairs of a-furoates in bridging mode coordinating
with neighbor Ln atoms, one oxygen atom originating from a
deprotonated monodentate o-furoate ligand and three water

Table 1. Crystallographic data, details of data collection and structure refinement parameters for {Tb} (1),47 {Tbg 7EUg 3} (3), {Tho3EuUg 7}

(4) and homonuclear {Eu} (6).

Complex 1 3 4 6
CCDC 1438518 1438521 1438520 1438519
Empirical formula Ci5H1501,Tb Ci5H15015EUq 33Tho 67 C15H15015EUg 67TDo 33 Ci5H1501,Eu
Formula weight 546.19 543.87 541.32 539.23
Temperature/K 293 293 100 160
Crystal system monoclinic monoclinic monoclinic monoclinic
Space group C2/c C2/c C2/c C2/c
a/A 22.1451(8) 22.1778(6) 21.985(8) 22.0253(17)
b/A 16.0302(6) 16.0639(4) 15.883(6) 15.9315(9)
c/A 10.2110(4) 10.2487(3) 10.192(4) 10.2459(7)
a/° 90.00 90.00 90.00 90.00
8/° 100.040(4) 100.134(2) 100.172(6) 100.064(7)
v/° 90.00 90.00 90.00 90.00
V/Ag 3569.3(2) 3594.27(15) 3503(2) 3539.9(4)
z 8 8 8 8
Deyic/mg/mm’ 2.033 2.010 2.053 2.024
4/mm™ 4.028 3.852 3.785 3.610
Crystal size/mm3 0.50x0.20x0.20 0.40 x 0.40 x 0.05 0.34x0.29x0.14 0.80x0.20x0.15
Omin, T maxl) 3.16 to 50.04 6.14 to 50.06 4.88 to 50.04 3.18t0 48.8
Reflections collected 6723 7528 8880 6257
Independent reflections 3144 [R;,, = 0.0439] 3164 [R;, = 0.0190] 3043 [R;,, = 0.0197] 2897 [Ry = 0.0429]
Data/restraints/parameters 3144/108/235 3164/7/284 3043/1/241 2897/8/226
GOF* 1.073 1080 1.033 1.091
R(1>26(1)) 0.0396 0.0280 0.0278 0.0411
Wsz(aII data) 0.0989 0.0687 0.0648 0.0938
Largest diff. peak/hole/e A3 0.85/-0.84 0.71/-0.85 0.82/-1.00 1.96/-1.68

TRy = S| - IF/EIF), P wWR,y = {Sw (F,2 - E2] /S IwlF, ) 112

“GOF = {S[w(F.2 - F2)*1 /(n — p)}*/2, where n is the number of reflections and p is the total number of parameters refined .

4 | J. Mater. Chem. C., 2018, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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molecules. One of the a-furoate ligand was found to be disordered
into two resolvable positions with equal probability, so each
lanthanide exhibits two different but very similar coordination
environments of lanthanide atoms (Fig. S3). Ab initio calculations
earlier reported for homonuclear complex 1 showed that for both
sites, Tb(A) and Tb(B), the magnetic ground state is highly
anisotropic (g,*=17.8) and consists of a “quasi-doublet” with a small
gap (Aa/ks = 0.201 K and Ag/ks = 0.258 K), well isolated from the
next excited state, at E;p/ks = 185.9 K and E, /kg = 168.8 K for sites
AandB, respectively‘w.

The o-furoate bridging ligands form 1D polymeric chains of
Th/Eu ions of the same type (either A or B) running along the c-axis.
In the heteronuclear complexes a random distribution of Tb and Eu
atoms in ratio x:1-x can be found in the chain (Fig. 1b). The crystal
structure is formed by the supramolecular stacking along the a-axis
of 2D layers containing parallel chains of the same type”. The
Ln---Ln separation in the a and b directions ranges from 10.75 to
11.27 A and from 7.95 to 8.04 A, respectively. Due to the polymeric
character of the complexes, defects within the chains, bc planes and
along the packing in the a-direction may be anticipated.

5. Luminescent properties

When exposed under UV radiation all complexes emit visible light
(Fig. S4). Quantitative luminescence studies at room temperature
were conducted on samples 1-6 in order to assess the
ligand->Tb(lll)->Eu(lll) energy transfer, luminescence relaxation
lifetimes and characterize the colorimetric properties.

First, the excitation spectra of the pure systems {Tb} and {Eu}
were measured to determine the optimum wavelengths of
excitation of these compounds (Fig. 2). The excitation spectra show
broad bands from the furoic ligand below 300 and 350 nm,
respectively, with a maximum absorption at around 280 nm, which
was thereafter the chosen wavelength for emission studies upon
ligand excitation. Besides, sharp lines corresponding to the
lanthanide excitation are observed, among which the direct Th
excitation 7F, — °D, at 380 nm and Eu excitation "F, — °L, at

395 nm. In the case of {Th}, the intensity of the ligand band is larger
than that of the Tb (380 nm) peak (“antenna effect”) (Fig. 2a), while
for the {Eu} complex the excitation intensities of the band and the
Eu (395 nm) peak are similar (Fig. 2b).

The emission spectra for each compound were measured upon
non-resonant ligand excitation at 280 nm (Fig. 3), and upon direct
resonant excitation of each one of the lanthanides. The spectra
under direct 395 nm excitation for the Eu complex, and under 380
nm for the Th-containing complexes can be found in Fig. S5 and Fig.
S6, respectively.

Luminescence lifetime, on the other hand, have been obtained
only under direct excitation, since it allows obtaining relaxation
times closer to intrinsic times and avoid non-desired decays from
higher levels that could interfere in the results. In the case of T
the 5D4 emitting level was excited (A.,= 487 nm) (see Fig. 5). In the
Eu®* we have excited to the 5D1 level (A= 526 nm) which is very
close in energy to the emitting 5DO level and the energy decays non-
radiatively to SDO level. In this case, direct excitation to SDO has been
ruled out due to the low absorption of the transition 'F, — D,

SDQ which is practically forbidden. Transfer energy effects from the
ion under study are easily discerned in this way.

This journal is © The Royal Society of Chemistry 20xx

Luminescence from homonuclear {Tb} and {Eu} complexes: The
emission spectrum of the {Tb} compound when excited at A =280
nm exhibits four characteristic bands at 487, 546, 590 and 616 nm,
which correspond to 5D4 - 7F_, (J=6, 5, 4, 3) transitions to the
ground state multiplet of the Tb(lll) ion (Fig. 3), and is dominated by
the *D, — F; transition at 546 nm. The luminescence lifetime of

this peak, when the Tb** is excited directly at the 504 level (487
nm), is /2 =0.82 ms (see Table 3 and Fig. S7). The overall quantum

obs
yield upon ligand excitation (280 nm), Q;*™, was found to be
sizeable (23.8%), and notably, larger than the intrinsic quantum

yield upon direct excitation of the Tb ion (380 nm), O =12.8%.

The sensitization efficiency (7" ) is defined as the efficacy

with which energy is transferred from the feeding levels of the
metal-ion surroundings onto the Ln" excited state:

Ln

; T
ligand __ __Ln Ln _ . Ln obs

1 = i X Q= Ty X~ (1]
rad

where 7 is the observed luminescent lifetime, and 7z the

obs rad

Th
sens

radiative luminescent lifetime. The large value obtained 7
=186% indicates that furoic ligand is a good sensitizer for the Th ion
in the pure complex {Tb}.

The emission spectrum under direct Eu excitation (395 nm),
recorded with a higher energy resolution spectrometer (Fig. S5b)

allows observing the presence of the transition °D;, — 'F, (579.5

nm), which indicates the absence of an inversion centre (the point

——Tb (r,,=546 nm) (a)
:-‘Q\ . 4
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=]
g
s
>
)
c
2
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s
z
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<
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Fig. 2. Room-temperature excitation spectra of complexes: (a)
{Tb} with emission monitored at A.,=546 nm, and (b) {Eu} at
Aem=616 NnmM.
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Fig. 3. Emission spectra of {Tb,Eu,,}, x=0, 0.1, 0.3, 0.7, 0.8, 1
compounds, excited at Ae=280 nm.

symmetry of Eu sites is C,, a binary axis parallel to the b-axis). A
single peak is observed, demonstrating that the two nearest
neighbor coordination environments, Ln(A) and Ln(B), owing to the
different position of the a-fur capping ligand as obtained by X-ray
diffraction, are practically identical. The ratio between the intensity
of the hypersensitive electric-dipole transition ‘D, — ’F,
(hypersensitive to the coordination environment) and that of the
magnetic dipole transition *D, — ’F, is rather large, I(°D, — "F,
)/I(°D, — "F,)=3.8, which is in agreement with the relatively low
symmetry of the Ln sites.”

The emission spectrum of the pure {Eu} complex when excited
at the ligand A.=280 nm displays typical Eu® transitions
’D, - "F, , where one observes those for J=0-4, and is dominated

by the transition D, — "F, centered at 616 nm (Fig. 3). The
luminescence relaxation time decay of this peak, when Eu® is
excited at the 5D1 level (526 nm), is 7% =0.27 ms (see Table 3 and
Fig. S7).

The total quantum yield upon ligand excitation Q/%"*=7.3% is

Fig. 4. Quantum yield Q/*™(in green) and Q/*" (in red) versus x
for {Tb,Eu.,}, x=0, 0.1, 0.3, 0.7, 0.8, 1 compounds, excited at
Aexc=280 nm; Quantum vyields determined with a relative error

<10%.

almost identical to the intrinsic quantum yield upon Eu excitation,
£ =7.1%, so the sensitization efficiency is large 75" =100%.

Note that Q /*

is not much smaller than Q7, different than in
other reported compounds, where non-radiative deactivation of the

Eu®" is important®’.

Luminescence from heteronuclear complexes {Tb,Eu,.}: Under
excitation at 280 nm of the ligand, the emission spectra of the
mixed compounds show five major peaks at 487, 546, 590, 616 and
698 nm (Fig. 3), resulting from the Th and Eu emissions. As the ratio

of Eu/Tb ions increases, the intensity of the Eu peaks 5DO %7FH
increases, while that of Tb peaks D, — F, , decreases. In the

most diluted complexes studied, with x=0.1, 0.3, Tb emission peaks
are practically quenched.

On the other hand, note that in complex {TbggEu ,}, with only a
20% substitution of Tb ions by Eu, the intensity of the Th peak is
very low. Moreover, the relaxation of this peak is very fast and non-
exponential. Simultaneously, very strong Eu emission peaks are

Table 3. Spectroscopic data for Tb/Eu complexes 1-6. ry(rg,)relative contribution of Th(Eu), respectively, to measured total quantum

yield; intrinsic quantum yields Q 2 and QJ have been estimated on the basis of emission spectra when excited at 395 nm (°L energy

3 . . . .
"), respectively; the relative errors in QY are <10%; ’” observed luminescent

obs

level for Eu3+) and 380 nm (°D, energy level for Th

relaxation time of Tbh peak (546 nm) when excited at 487 nm;

obs

observed luminescent relaxation time of Eu peak (616 nm) when
excited at 526 nm; * Non-exponential, very fast relaxation.

Complex | x | rnp eu A 7 A T T T Miws | Miens | er
0, 0,
(%) %) %) | (%) | (%) [(ms) |(ms) |(ms) |(ms) | (%) | (%) | (%)
{Tb} 1 100 0 23.8 _ 12.8 0.82 6.41 _ _ 186 _
{Tby gEug,} | 0.8 | 22.9 77.0 0.92 3.11 _ 0.17- * 0.32 4.24 25.5 41.2 64-79
0.29
{Tbg ;Eugs} | 0.7 | 24.0 75.9 1.33 4.20 _ * * 0.31 4.24 * 57.5
{Tby3Eup,} | 0.3 | O 100 _ 5.52 _ * * 0.29 4.24 * 80.7
{Tbg1Euge} | 0.1 | O 100 _ 6.19 _ * * 0.28 4.24 * 95.2
{Eu} 0 0 100 _ 7.3 7.2 _ _ 0.27 4.24 _ 101
6 | J. Mater. Chem. C., 2018, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Fig. 5. Schematic energy transfer diagram suggested for the
{Tb/Eu} mixed complexes (e.g. quantum vyield and sensitization
efficiency values for complex {Tby gEug,} are given). Dotted arrows
denote non-radiative deactivation.

induced. The relaxation time of the main Eu peak (616 nm) is equal
to 0.32 ms, slightly larger than that of the pure sample {Eu}. These
features indicate the presence of a very effective intermetallic Tb-
to-Eu energy transfer.

The quantum vyield contributions Q¥ and Q/*™in the mixed

compounds have been estimated from the total quantum yield,
considering the relative intensities rq, and re, ( Q) =r,, O )
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Fig. 6. Colorimetric coordinates for the {Tb,Eu,,}, x=0, 0.1, 0.3, 0.7,
0.8, 1 compounds measured under A.=280 nm ligand excitation
(coordinate values are given in Fig. S4).
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Table 4. Total quantum yields measured at A..=280 nm (ligand),
Aexc=380 nm (Tb), Aex=395 nm (Eu) excitation. For Ae=380 nm
excitation, the partial Tb and Eu contributions, QITZ’ and 0, to
the total quantum yield Q,”,, are given; the relative errors in QY
are <10%.

X ot (%) | Qryay (%) | Opy (%) | Qpl(%) | Qryr,y (%)
280 nm 380 nm 380nm | 380 nm | 395 nm

1 23.8 12.76 12.76 _ 0

0.8 | 4.04 1.48 0.69 0.79 0.6

0.7 | 5.53 2.39 0.67 1.72 1.29

0.3 | 5.52 1.79 _ 1.79 1.07

0.1 | 6.19 4.87 _ 4.87 7.8

0 7.21 4.06 7.1 4.06 7.07

given in Table 3. Figure 4 shows the evolution of Q/*"“and Q* as
a function of x. It is observed that the intrinsic quantum yield upon
ligand excitation of Tb is abruptly reduced as soon as some Tb ions
are substituted by Eu ( Q2" =0.92% for x=0.8), while Eu quantum

yield 0i* (x) decreases only moderately ( Q1" =6.19% for x=0.1).

The sensitization efficiency (r%" ) relative to the Tb and Eu

ions can be estimated with Eq. [1], under the assumption that
radiative lifetimes of the homonuclear complexes are a good
approximation of the radiative lifetimes ¢ of all the isostructural
Tb/Eu compoundsal. The sensitization efficiency relative to Eu
n 'kt of the different mixed complexes reached 52" =41-95% for
Tb contents ranging from x=0.8-0.1. The sensitization of the Eu ion
in the mixed compounds is smaller than for pure {Eu}, but still
sizeable, even for the {TbggEug,} complex. On the other hand the
luminescence relaxation time of Tb was difficult to quantify, given
the non-exponential and extremely rapid decay of the 546 nm peak
in the mixed compounds, hindering the determination of 7", and
n! . For the {TbygEuy,}, the relaxation presented a two-slope
decay, with a relaxation time between 77, ~0.17-0.29 ms, from

which a sensitization efficiency relative to Tb 7" ~25.5% is

estimated, significantly smaller than that of the pure complex.
The intermetallic energy transfer (7,, ) in the mixed complexes

can be quantified using the relationship:

(8
ﬂET ~1- obs R [2]
2-0
where 7, =717 {Tbh Eu _} and 7, ~ ¢, {Tb} are, respectively the

lifetimes in the presence and in the absence of an acceptorso. For
the {Tby gEug,} complex, the energy transfer is estimated to be 7,
~64-79%.

Summing up, our study allows establishing that there is ligand
to metal energy transfer, probably by ligand-to-metal charge
transfer state (LMCT), and clearly an energy transfer from Tb to Eu
in mixed samples (2-5), which is practically complete for Th
substitution by Eu larger than 20%. The energy transfer diagram
suggested for the mixed complexes is schematized in Figure 5.
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The total quantum yield of all complexes measured under ligand
excitation (280 nm) compared to those measured under Tb (380
nm) and Eu (395 nm) excitation are given in Table 4. When exciting
under 395 nm, only Eu®* direct process is addressed. Therefore the
quantum vyield for direct excitation at Eu3+, gives a measurement of
the effect of mixed compounds on the fluorescence efficiency of
Eu’* without involving intermetallic energy transfer.

When exciting at 380 nm, both Tb®* and Eu®" direct excitation is
produced. As can be observed in Table 4, direct excitation of Eu® is
less efficient at 380 nm than at 395 nm in the Eu pure complex.
However, Tb** SEu® energy transfer increases the quantum yield of
direct excitation of Eu’* at 380 nm in mixed compounds as
compared to direct excitation of Eu* energy levels at 395 nm.

Colorimetric measurements performed under A.,=280 nm are
shown in Figure 6. Color tuning from green-to-red emission is
observed for the {Th,Eu,,} compounds, with a rapid evolution
towards reddish coordinates for decreasing x. Non-linear
colorimetric properties as a function of the Tb/Eu contents have
been previously reported.sl’sl’62 Besides, the color coordinates shift
as a function of the excitation wavelength, as shown by the
colorimetric measurements for the samples excited at A.,=380 nm
(5D3 energy level for Tb3+) (Fig. S9). Thus, color emission can be

tuned adjusting the relative concentration of Tb/Eu ions and the
excitation wavelength.

To end with, we discuss briefly the luminescent properties of
our Th/Eu complexes compared with others reported in the
literature (see Table S1). To achieve an efficient antenna effect, a
multitude of organic ligands bearing aromatic chromophores have
been proposed, derived e.g. from bipyridine, terpyridine,
triphenylene, quinoline or substituted phenyl and naphthyl groups.’
The a-furoate ligand, including a cyclic pentagon with 4C and 10,
has demonstrated to be an efficient antenna group. The
sensitization factor of the pure complex {Tb}, " ~186%, is one of

the highest reported. On the other hand, the obtained quantum
yields upon ligand excitation for the pure {Tb} and {Eu} complexes

are rather typical, with values QJ¥"/=23.8% ( Q"' =7.3%) within

ranges commonly reported, Q! =24-45.58% ( Q" =7.7-14%),
respectively. Regarding energy transfer, according to Forster-
Dexter theory, the basic condition to have Tb->Eu transfer is the
spectral overlap of the acceptor absorption and the donor
emission.® Depending on that, different 7,, factors have been
reported; while in some examples ET is relatively low (7,, ~32.3%
for [EuTb(hip),(H,0)10,(hip),4H,01.°  and  42%  for
[TbEu(ip)s(H,0)e-6H,0]..,>! both with Tb:Eu=1), in the majority of
reported cases, like in our complexes, 7, >90% for Eu
substitutions >10%.2"2%%%%

6. Static magnetic properties
Magnetization

The magnetization curves M(H) at 1.8 K measured for heteronuclear
complexes of dissimilar Tb/Eu ratio (4, 5) collapse with that of the
homonuclear Th complex (1), as shown in Fig. 7. The data could be
well fitted using MAGPACK software® considering a model of non-
interacting effective spins S$*=1/2 with uniaxial anisotropy
9,%=17.8(1), and a small van Vleck contribution, yy,=0.025 pg/kOe.
As shown, at this temperature the effect of Ln-Ln’ intrachain
interactions is negligible.

8 | J. Mater. Chem. C., 2018, 00, 1-3
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Fig. 7. Dc magnetization as a function of the applied field, M(H),
measured at T=1.8 K for mixed complexes {Tbg;Euy,} (4) and
{Thg 1Euge} (5) an {Tb} (1) for comparison. Data have been fitted
using MAGPACK software with an average, dimer Ising model with
$*=1/2, g,*=18.0(1), a van Vleck contribution: Myy=yyH, with 3y
=0.025 pp/kOe and no interaction.
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Fig. 8. Dc susceptibility temperature product (%7) of powdered
samples {Tbg3Eug;} (4) and {TbgiEuge} (5) and {Tb} (1); Inset:
inverse of the susceptibility vs. temperature.

DC susceptibility

The dc susceptibility of the hetero compounds (4), (5), compared to
that of homonuclear (1) is shown in Fig. 8. At high temperatures,
while the T product for {Tb} approaches the value C = gJZJ(J +
1)/8=11.8 mol-K/emu expected for a free Th(lll) ion, for the mixed
compounds #T increases and does not saturate, due to the Eu
contribution. The effect is more pronounced for a compound with a
larger Eu/Tb ratio, as can be observed in the 1/y vs. T plot shown in
Fig. 8 (inset). By decreasing the temperature, the T initially
decreases until reaching a step value of 9.6 mol.K/emu ca. 6.4 K,
and then rapidly decreases to 8.7 mol.K/emu at 1.8 K. This decrease
can be explained as caused by the depopulation of the Tb Crystal
Field (CF) split levels and the presence of AF intrachain
interactions.”’

This journal is © The Royal Society of Chemistry 20xx
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The dc magnetic susceptibility y of pure compound {Eu} (6)
measured between 0-300 K in an applied field H=1 kOe is shown in
Fig. 9. As the temperature is lowered from room temperature, y
increases smoothly tending to a plateau, of value ;((LT)=5.07><10'3
emu/mol, with a small increase at very low temperature, probably
due to some spurious paramagnetic rare earth. Similar features
have been earlier reported for Eu(lll)-complexes.ss'66 It is known
that in Eu(lll) the F ground term is split by the spin-orbit coupling
into seven states, 7FJ, with J taking integer values from 0 to 6, and
the energies of the states are E(J)=AJ(J+1)/2, where A is the spin-
orbit constant and the energy of the 7F0 ground state is taken at the
origin. Given that A is relatively small, the CF components of the
first and second excited states can be thermally populated, giving
rise to a paramagnetic response to the application of an external
magnetic field. The experimental data could be well fitted with the
theoretical isotropic equilibrium magnetic susceptibility as a
function of temperature at zero field in the Van Vleck
approximation:65

6

> QI+ Dy (I)exp[-AJ (J +1)/ 2k,T]
X = L0 5 ’ [3]
> (27 +Dexp[-AJ(J +1)/ 2k,T]
J=0

with a spin-orbit parameter of 1= 378t4 em™. This value is in
excellent agreement with that obtained from the luminescence
spectrum of {Eu}, given by the energy splitting between the 7F0 and
the centre of gravity of the 7F1 term, A = 378.6£0.1 cm™.

Heat capacity

Fig. 10a shows the heat capacity (HC) measured at zero applied field
for the mixed compounds 3-5 and homonuclear Eu complex 5 and
Tb complex 1 for comparative purposes. The lattice contribution is
slightly different for them and follows a C;/R=AT* dependence, with
a=3 exponent for Eu complex and decreasing value for larger Tb
contents. Concomitantly, the magnetic to lattice ratio, C/C,
decreases as the percentage of Tb substitution by Eu atoms
increases. The magnetic HC of all complexes is featureless down to
the lowest measured temperature (7=0.35 K), and decreases
proportionally to the decrease in Tb content, see Fig. 10b.

This journal is © The Royal Society of Chemistry 20xx
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The HC data in zero field corresponds to the high temperature
tail of an Ising S*=1/2 AF chain of Tb ions with negligible interaction
J*, given by expression:67

T T
—=—(Tb}
0L (Tbc.7Euo.s) i
(TbG.SEuDJ)
AT, B}
{Eu} A !
e ! C,=0.0205 T"}
o C,=0.014 T*'
0.1 4
C,=0.0053 T**
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0.01 ¢ y 4
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Fig. 10. (a) Heat capacity per mol as a function of temperature at
H=0 for complexes 1,3-6. The lattice contribution follows a C,/R=AT *
dependence; (b) Magnetic contribution to the heat capacity at H=0
for complexes 1,3-5; (c) Simulated heat capacity for complex 1, with
an AF interaction between Tb ions J*/kg=-0.135 K,47 and negligible
interaction J*/k=0 K; (d) Magnetic heat capacity as a function of the
field for complex 3.
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da o, J*/kg=-0.135 K
C/R= .[ T [k -,-J sech [ﬁj ’ (4] The simulation for a negligible interaction (J*=0) yields a similar
° ? ? Cn(T) curve (Fig. 10c), indicating that the heat capacity in this
temperature regime (0.1-10 K) is dominated by the Tb transverse
gap rather than by interaction. In agreement with mentioned
g:\/(_/* [ 2P +JAJ2005G+HA/ Y . For pure complex {Tb}, the HC 200V, the position of the Cy,(T,H=0) maximum for all the studied
samples is not affected by dilution.

The evolution of the magnetic heat capacity as a function of the
field in one of the mixed complexes, see e.g {Thy ;Euq 3} is shown in
Fig. 10d. A maximum at low temperatures which shifts to larger
values as the field increases, is observed, which is explained as the

per one Tb atom per formula unit, where

data are well explained within this model assuming an equal
distribution of A and B chains, including Tb atoms with “quasi-
doublet” gaps Aa/ksg=0.8 K and Ag/ks=1.8 K, respectively, (as
obtained from dynamic measurements), with a small,
experimentally determined intrachain AF interaction constant of

(a) H=0, H=3 kOe (b) T=2 K
LIV ¥ N ; mah A ]
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00~
H=3 kOe
0.01F —A—[Tb}, LF 0.01F o0 — o E
. —e— {Tb}, HF %o . 00O T
D AE-3F 4 {TbyEuy b LF ZHE3E -
- ~O- {Tb, Eu, ). HF - —A—(Tbj, L
1E-4 -"Ai(Tbc,wEuo.s)’ LF 1E-4 IETb) Eu } LF 3
~O—{Tb, Eu, }, HF
hokoe —O—{Tb, ,Eu, }, HF
1E-5 F o (Tb), SCM(A) 1E-5F ~/\-{Tb, Euog} LF 3
—@— {Tb}, SCM(B) %{Tb Eu,o). HF
1 E_G 1 1 1 1 1 1 E_G 1 1 1 1 1
0.0 0.2 0.4 0.6 10 20 30 0 2 4 6 8 10 12 14
1/T (K" H (kOe)

Fig. 12. (a) Relaxation time as a function of the inverse temperature at H = 0 kOe and H = 3 kOe, and (b) as a function of the applied field, at
T=2K, for pure {Tb} (1) and mixed complexes {Tbg 3Euy 7} (4) and {Thg1Eug.s} (5).
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contribution due to the Zeeman splitting of the ground “quasi-
doublet”.

7. Dynamic magnetic properties

We studied the dynamic properties of three heterocompounds with
different dilution percentage, {Tbg;Eugs} (3), {Tbg3Eugs} (4) and
{Tbg1EUgs} (5), as opposed to the previously characterized Tb-only
complex (1).47

Frequency-dependent ac measurements performed as a
function of the temperature in the absence of magnetic field did
not show slow relaxation of the magnetization down to the lowest
reached temperature (1.8 K). Relaxation to equilibrium is likely to
occur through Quantum Tunneling (QT), which is possible in such a
non-Kramers compound. Notice that for {Tb} complex slow
relaxation was observed, but only at very low temperatures
(blocking ~0.2 K), owing to one-dimensional Single-Chain Magnet
(SCM) AF behavior arising from the two types of existing chains
formed by Tb(A) and Th(B) atoms (Fig. 12a). However SCM behavior
is not foreseen to occur in the diluted compounds (2-5).

The application of a magnetic field quenches the QT process
and slow relaxation dynamics appear, as evidenced by Fig. 11(b,d),
where the imaginary susceptibility curves »’(f, H) measured at
constant 7=2 K are shown. y, y’(f, T) data were recorded in
addition to the optimum field, H = 3 kOe, such that the y’(f,H)ur
peak was maximum, see Fig. 11(a,c). Two relaxation processes are
observed, as evidenced by a high intensity ' peak at high
frequencies (HF), and a smaller intensity bump at lower frequencies
(LF). Comparison between the plots of complexes {ThgsEuy-} (4)
and {Tbg Eugq} (5) reveals that the HF peak shifts to higher
frequencies with increasing the dilution, while the position of the LF
peak is practically unchanged. Results for {Tbg;Eug 3} (3), shown in
Fig. S10, follow the same trend.

The relaxation times for the two processes, 7z and 7y, as a
function of the inverse temperature, 7(1/T), and as a function of the
field, 7{H), have been derived from the position of the 3/’ peaks and
are shown in Fig. 12a and Fig. 12b, respectively. They are compared
with the dependencies previously found for the pure complex {Tb}
(1).

The slow relaxation behavior in the {Tb/Eu} compounds cannot
occur through an Orbach mechanism, as such a process would
involve three energy levels and the next excited state above the
“quasi-doublet” ground state is hundreds of K above. Instead, the
two weakly temperature dependent slow relaxation processes

T=2K, H=3kOe

0.10 : S —
[ - Tbo.sEqu Patm
0.08 - ‘ Tb, ,Eu, , low P
006 7 —o— Tmeuo9 low P;
[e}
2 004"
3 i
*~ 0.02
0.00 Fa-eeme™®” ﬁ
Lol Lo anl L Ll Lo
0.1 1 10 100 1000
f(Hz)

Fig. 13. ”'(f) measurements on mixed {Tb/Eu} complexes: (Top)
{Tbg3Eug 7} (4) and {Thg1Eug o} (5) in different experimental SQUID
pressure conditions.
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Fig. 14. (a) Dependence of the relaxation times 7 and 7y, (at H=3k
Oe, T=2 K) with the % of Tb in {Tb/Eu} complexes. The size of the
points is proportional to the intensity of the "’ peaks

observed could be explained by a two-level, direct mechanism,
strongly affected by bottleneck effect (BE).

BE takes place when the energy of the lattice modes generated
by the relaxing spins cannot be released into the thermal bath at
sufficiently high rate.’”% Very slow processes affected by BE have
been earlier observed in our a-fur compounds.%"w’49 In the present
mixed {Th/Eu} complexes, the influence of BE effect is also clear, as
demonstrated by the relaxation experiments that we performed at
different SQUID pressure conditions (Fig. 13), where it is
appreciated that the main relaxation peak is shifted to (an order of
magnitude) larger frequencies by decreasing the chamber pressure.

It is also noticeable that although these very slow relaxation
processes occur in the diluted samples, they are faster than in pure
{Tb}. As shown in Fig. 14, 1, decreases slowly with dilution, while
Tueis reduced by more than an order of magnitude for the 10%Tb
sample. The explanation might be the following: in a BE-affected
direct process, the relaxation rate 74 g depends on the intrinsic spin
lattice relaxation time (z), the lattice-bath relaxation time (7), and
the ratio between the heat capacity at the measured field (Cy) and
the lattice heat capacity (C,):

Cy
Tope =Tagt Ty [5]

G

We have indeed observed (see Fig. 10a) that in the diluted
compounds, the Cy/C, ratio is smaller than in pure {Tb}, plausibly
due to the scarcer number of Tb ions in the lattice, thus leading to
the faster measured experimental rates, 7y ge.

The existence of two different direct processes is unclear. It is
unlikely that they correspond to two different direct processes in
the two existing types of sites in the complex, Tb(A) and Tb(B),
because their “quasi-doublet” gap is very similar. Moreover, both
types of ions are equally present in the sample, while the intensity
of one of the two observed relaxation processes is much larger than
the other. A more plausible explanation, discussed by J. Flokstra et
a/.,69’ 7 is that the own relaxation process through the bath leads
already to multiple peaks in "’

J. Mater. Chem. C, 2018, 00, 1-3 | 11
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8. Conclusions

New {Tb.Eu,,} polymeric furoate-based compounds with
interesting photo-magnetic properties have been synthesized
through original synthesis methods.

Luminescent studies have shown that the a-furoate ligand acts
as efficient antenna group, the sensitization factor of the pure
complex {Tb} being remarkably high (' ~186%). For the mixed

complexes, quantum yields upon ligand excitation for the pure {Tb}
and {Eu} complexes, Qjs"=23.8% (Q;*"=7.3%) are rather typical

Eu
for Th/Eu mixed complexes. Our spectroscopic and emission
lifetime analysis demonstrates there is an efficient energy transfer
a-fur->Th->Eu. The heterodinuclear strategy allows color tuning
from green-to-red. Thus, these new Tb/Eu compounds could be of
interest as luminescent agents.

From the magnetic point of view, the structure of the {Tb}
complex is formed by Ising S*=1/2 chains of weakly interacting
(/'/kg=-0.135 K) non-Kramer ions.”” In the diluted compounds, Eu
ions break this structure into segments of different length. The
static magnetization at 1.8 K is well explained by this Ising model,
with negligible interaction at this temperature.

The dynamical study of the 10%, 30% and 70% Tb complexes
has shown that in H = 0 fast relaxation occurs, as the non-Kramers
character of the Tb ion favors the quantum tunneling process
through the ground “quasi-doublet”. At H # 0 tunneling is quenched
and two slow relaxation pathways open up. The very small
relaxation times observed are assigned to direct processes, affected
by BE, as earlier observed in other furoate compounds. Magnetic
dilution has the effect of speeding up the two direct processes by
one-two orders of magnitude, respectively, as compared to the
pure Tb complex, as a result of the decreasing magnetic-to-lattice
contribution in the Tb/Eu complexes.

In conclusion, the synthesized mixed {TbEu,,(a—fur)s3(H,0)3},
1D polymers represent a new family of interesting multifunctional
materials combining tunable luminescent and SMM properties
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