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ABSTRACT:

The reaction of Ln(NO3)2-6H20 salts (Ln = Nd, Eu, Gd, Tb, Dy, Er and Yb) with 2-fluorobenzoic acid
(H-2-FBz) and 1,10-phenanthroline (phen) in ethanol/water mixture allows the isolation of dinuclear
compounds of the formula [Ln2(2-FBz)4-(NO3)2(phen)2] {Ln =Nd (1), Eu (2), Gd (3), Tb (4), Dy (5),
Er (6)} and [Yb2(2-FBz)6(phen)2] (7). The solid-state photoluminescence study of the complexes
shows the 4f—4f lanthanide transitions in the visible range, in the cases of 2, 4 and 5, and in the NIR
range for 1, 6 and 7. Magnetic studies reveal field-induced single-molecule-magnet (SMM) behaviour

for compounds 1, 5, 6 and 7.
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INTRODUCTION

Multifunctional molecular materials can be defined as compounds that involve coexistence, interplay or
synergy between multiple physical properties.[1,2] Restricting the discussion to the combination of
luminescence and single-molecule magnet (SMM) properties, the Lnlll coordination compounds are
ideal candidates for the construction of this kind of hybrid molecular material.[3—8] On the one hand,
the 4f—4f electronic transitions (responsible for the light emission) are narrow and characteristic for each
LnllIl, and the emitting excited states are long-lived. Since the f—f transitions are parity-forbidden, free
LnlII ions have low extinction coefficients, leading to low luminescence intensity. To overcome this
problem, the presence of light-harvesting ligands coordinated to the LnllIl can enhance the metal
luminescence through an energy transfer process, commonly known as the antenna effect.[9] The R—
benzoate ligands have been widely used in Ln coordination compounds due to the strong interaction
between the Lnlll ions and the oxygen atoms from the carboxylate group and also because of the strong
absorbing chromophore group of the organic fragment.[10] The use of a fluorinated benzoate, such as 2-
fluorobenzoic acid, could enhance the NIR emission of Nd, Er and Yb, since the C—F vibrational
quenching is much lower than the one produced by the C—H bonds.[11] Moreover, chelating ligands
such as 1,10-phenanthroline (phen) can block two coordination sites per Lnlll ion and can terminate
further aggregation or potential polymerization.[12] The 1,10-phenanthroline ligand can also sensitize
the luminescence of lanthanide ions through their large pi system.[13]

On the other hand, some compounds containing LnllIl ions with high anisotropic magnetic moments
show SMM properties.[14] Among the lanthanide ions, DylIII has yielded the largest number of 4f-based
SMMs, followed by TblIL.[9,15,16,17] Nevertheless, Erlll and YbIII are also good candidates to present
SMM properties.[ 18—20] Slow relaxation of the magnetization has been observed on several lanthanide
compounds containing different R—benzoate ligands.[21-25]

In this work, we present the structure of six new dinuclear 4f-metal complexes by simultaneously using
bidentate bridging carboxylate groups derived from 2-fluorobenzoic acid (H-2-FBz), chelating 1,10-
phenanthroline (phen) and nitrato capping ligands. Four of the new reported compounds have the
formula [Ln2(2-FBz)4(NO3)2(phen)2] {Ln=Nd (1), Eu (2), Ln = Gd (3), Ln =Dy (5), Ln = Er (6)} and
are isostructural to the previously reported[26] [Tb2(2-FBz)4(NO3)2(phen)2] (4) compound. The
coordination number of the lanthanide ions is 9 for 1-6. The same synthetic procedure for Ln = Yb
yielded a new dinuclear compound, without the nitrato ligand, with formula [Yb2(2-FBz)6 (phen)2] (7).
The coordination number of the YbIII ion in this compound is 8. For the new compounds, we report
here the syntheses, crystal structure, magnetic behaviour and luminescence properties. For the
previously published [Tb2(2-FBz)4-(NO3)2(phen)2] (4) compound, as only the structure was reported,

we have also studied its magnetic and luminescence properties.



82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118

RESULTS AND DISCUSSION

X-ray Diffraction Crystal Structures
Complexes 1-6 are isomorphs and crystallize in the triclinic space group P1 ; thus, as an example, only

the structure of 2 will be discussed in detail.

[Eu2(2-FBz)4(NO3)2(phen)2] (2)

A partially labelled plot of the structure of the dinuclear compound 2 is shown in Figure 1a. Selected
bond lengths are listed in Table 1. The structure of compound 2 consists of centrosymmetric dinuclear
molecules in which each Eulll is nine-coordinate. The two Eulll atoms are bridged through four 2-
fluorobenzoate ligands with two different kinds of bridging modes. One of them is a symmetrical syn—
syn bridge (n1:m1:u or 2.11 using Harris notation) (Scheme 1a), with the Eul-O1 and Eul-02' bond
lengths being 2.3698(1) and 2.3531(1) A, respectively. The second type of 2-fluorobenzoate bridging
ligands are best described as chelating—bridging (n1:n2:u or 2.21) (Scheme 1b), in which O3 acts as a
bridge between the two Eu atoms, with a distance of 2.6989(1) for Eul-03 and 2.3705(1) A for Eul—
03’; meanwhile, O4 is bonded only to one Eu with a 2.4066(1) A bond length. The intramolecular
Eul---Eul’ distance is 3.9605(1) A. The coordination sphere of the metals is completed by the N1 and
N2 atoms of a phenanthroline ligand with Eul-N1 and Eul-N2 bond lengths of 2.5811(1) and
2.6170(1) A, respectively, and by the O5 and O6 atoms from a nitrato anion with Eul-O5 and Eul-06
bond lengths of 2.5329(1) and 2.4604(1) A, respectively. The calculation of the degree of distortion of
the EuN207 coordination polyhedron for 2 with respect to the ideal nine-vertex polyhedron, by using
continuous shape measurement theory and SHAPE software[27] shows that the EUN2O7 arrangement
for 2 is intermediate between various coordination polyhedra (Table S1 in the Supporting Information).
The best SHAPE calculations lead to Muffin (MFF-9), spherical capped square antiprism (CSAPR-9)
and tricapped trigonal prism (JTCTPR-9) geometries, with continuous shape measure (CShM) values of
2.170, 2.327 and 2.819, respectively. The calculations of the degree of distortion of the LnN20O7
coordination polyhedra for 1, 3, 5 and 6, with respect to the ideal nine-vertex polyhedron, are also
shown in Table S1. A graphical representation of the metal coordination geometry of 2 is shown in
Figure 1b.

The dinuclear entities are assembled into 1D chains in the [101] direction through n-stacking
interactions between the central rings of two adjacent phenanthroline ligands from two different units
(Figure 2). These chains are connected, forming a 2D sheet in the (111) plane through another 7-
stacking bond between two adjacent phenyl rings from the 2-F-benzoate chelating/bridging ligand. No
classical hydrogen bonds are found in the crystal structures of complexes 1-3, 5 and 6, but there is an
intramolecular hydrogen bond formed by C26-H26---F1, with a distance of 3.115(3) A and an angle of
136° (Figure 2). The n-stacking intermolecular interaction distances and intramolecular hydrogen bond

lengths and angles for compounds 1-3, 5 and 6 are summarized in Tables S2 and S3.
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[Yb2(2-FBz)6(phen)2] (7)

Complex 7 also crystallizes in the triclinic space group P1 and consists of a centrosymmetric dinuclear
unit, but in this case, each YDIII centre presents an octacoordinate environment. A partially labelled
structure of the dinuclear compound 7 is shown in Figure 3a. Selected bond lengths are listed in Table 1.
The two equivalent YbIII ions are connected through four oxygen atoms from two 2-F-benzoate
bridging ligands in a syn—syn coordination mode (Scheme 1a), with an intramolecular Ybl---Ybl’
distance of 5.152 A. The Yb-O1 and Yb1-O2’ distances are 2.262(2) and 2.206(2) A, respectively. Each
YbIII ion is bonded to two chelating 2-F-benzoates (Scheme 1c), with the Yb1-03, Yb1-04, Yb1-0O5
and Yb1-O6 distances ranging from 2.339 to 2.409 A. The two nitrogen atoms of a phenanthroline
ligand complete the coordination sphere of each ion, featuring Yb1-N1 and Yb1-N2 bond lengths of
2.459(3) and 2.385(6) A, respectively. The calculation of the degree of distortion of the YbN206
coordination polyhedron for 7, with respect to the ideal eight-vertex polyhedron, by using the
continuous shape measure theory and SHAPE software,[20] shows that the YbN2O6 arrangement for 7
is intermediate between various coordination polyhedra. The best SHAPE calculations lead to
biaugmented trigonal prism (BTPR-8), triangular dodecahedron (TDD-8) and Johnson biaugmented
trigonal prism (JBTPR-8) geometries, with CShM values of 2.551, 3.135 and 3.145, respectively. A
graphical representation of the metal coordination geometry for 7 is shown in Figure 3b.

In complex 7, there are no classical hydrogen bonds. Nevertheless, there is a weak intermolecular
interaction between C32-H32 with a F1 atom of an adjacent dinuclear fragment that leads to the
arrangement of these molecules into a 1D chain along the [011] direction, which is enhanced by a -
stacking interaction between two phenanthroline ligands, as is depicted in Figure 4. Moreover, the
chains are connected, giving a 2D sheet in the (111) plane through the contact between C12—-H12 and F3
from another unit (Figure 4). The intermolecular n-stacking interaction distance and intra- and

intermolecular hydrogen-bond lengths and angles are summarized in Tables S2 and S3.

Synthesis

To avoid the highly energetic and not very controllable hydroor solvothermal processes, in this work, we
used a straightforward room-temperature synthetic procedure, different from that used to prepare the
already published complex [Tb2 (2-FBz)4(NO3)2(phen)2],[26] and have successfully obtained the latter
and six new dinuclear lanthanide compounds. Five of the mentioned complexes are isostructural with
the TbIII one, but when using YDbIII as the lanthanide source, the complex obtained is different and has
the formula [Yb2(2-FBz)6(phen)2].

It is worth noting, then, the viability of the room-temperature approach for obtaining coordination

lanthanide compounds.
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Structural Discussion

This family of [Ln2(2-FBz)4(NO3)2(phen)2] complexes provides an opportunity to study the influence
of the lanthanide contraction over the structural arrangement. When the atomic number of the metal
increases, the radius of the Lnlll cation decreases, and slight changes in the coordination sphere of the
Ln can be observed, as has been demonstrated in other papers.[28—30] The most important change
observed herein is the two different types of structures obtained in this work by using the same synthetic
approach. For NdIII, Eulll, GdIII, TbIII, DyIII and ErIll ions, a homo-dinuclear structure was obtained,
in which the nonacoordinated metals are bridged by four carboxylate ligands, two in syn—syn
coordination mode and two in chelating/bridging mode. Meanwhile, in the case of the dinuclear
complex with the YbIII ion, with the smallest radius of the family, the coordination decreases to eight,
and therefore, the two metals inside the molecule are bridged by only two carboxylate ligands in a syn—
syn coordination mode. Additionally, there is a terminal carboxylate, instead of the nitrato anion, present
in the former structural type.

Other systematic structural variations coming from the different size of the ionic radius can be extracted
for each type of structure (Table 1). Within the isostructural complexes 1-3, 5, 6 and the previously
published compound 4, the bond lengths from the coordination sphere of the Lnlll decrease 2—3 % from
Eu to Er, except for the largest Ln1—-O3 bond, which presents a tendency to increase nearly 2 % with the
diminution of the LnllI radius. Then, for almost all of the Ln—O and Ln—N bonds, the lengths decrease
due to the increase of the lanthanide contraction along the period.

On the other hand, the intramolecular LnllII---LnllI distances are almost constant in the entire studied
series for 1-6, with an average value of 3.960 A. Due to the different coordination mode of the 2-FBz
bridging ligands in compound 7, the YbIII---YbIII distance is 5.152 A, and it provides the largest Ln-Ln

distance between the metal atoms of all of the compounds presented in this work.

Magnetic Properties

Dc Magnetic Susceptibility Study

Solid-state direct-current (dc) magnetic susceptibility (M) data on polycrystalline powder samples of
complexes 1-7 were collected under applied magnetic fields of 0.3 T (3002 K) for 1 and 3—7 and at 0.5
T (3002 K) for 2. The data are plotted as M x T versus T in Figure 5.

All of the compounds presented in this work are homodinuclear carboxylate-bridged lanthanide
compounds. By analogy with the dn—dn dinuclear compounds, the exchange coupling interaction can be

described by the Heisenberg—Dirac—Van Vleck (HDVV) spin Hamiltonian, Equation (1):

H = -1 % S5in X Sn (D
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But the spin Hamiltonian can only be used for GdIII, since it has no orbital contribution, and therefore,
no spin—orbit coupling effect.[31] The other lanthanides(II) need much more complex models, based on
explicit ligand field spin—orbit parameters.[32] Usually, such treatments are not carried out, due to their
complexity, so the magnetic behaviour of 1-7 will be described, but the coupling constant J will only be
calculated for the GdIII compound 3.

At room temperature, the M x T values for compounds 1-7 are 3.14, 2.91, 16.13, 23.88, 25.95, 23.46
and 4.93 cm3 mol-1 K, respectively. These data are in good agreement with the expected values for the
corresponding two noninteracting LnIII-LnlII centres with ground states 419/2 [NdIII], 7F0 [Eulll],
8S7/2 [GdIII], 7F6 [TbllI],6H15/2 [Dylll], 4115/2[ErIll] and 2F7/2 [YbIII].[9] Upon cooling, the M X
T values gradually decrease for 1, 2 and 7, which should be mainly attributed to the depopulation of
their excited states. At 2.0 K, the M x T value are 1.17, 0.03 and 2.18 cm3 mol-1 K for 1, 2 and 7,
respectively, indicating an mJ = 0 ground substate for Eulll ion (7F0).

For 3 and 4, the M X T product remains almost constant down to ca. 30 K for Gd and ca. 45 K for Tb
and then decreases to 13.41 cm3 mol-1 K (for 3) and to 13.50 cm3 mol-1 K (for 4) at 2.0 K, suggesting
a moderately weak antiferromagnetic exchange interaction. In the case of compound 3, fitting of the
experimental data was performed by means of Equation (1), by using the PHI computer program.[33]
The best-fit parameters obtained were J = —0.04(1) cm—1 and g = 2.01(1), confirming the existence of
antiferromagnetic coupling between the metal centres. The J value is comparable with those found for
similar compounds.[12,34]

In complex 5, the values of the M x T product increase slightly, up to a maximum value of 27.39 ¢cm3
mol—1 K at 35 K. This increase of M X T might indicate moderate intramolecular ferromagnetic
exchange interactions. Below this temperature, the M x T values decrease continuously down to 15.81
cm3 mol-1 K at 2.0 K, which can be attributed mainly to the depopulation of the DyIIl mJ sublevels of
the ground J state.

The M x T values for compound 6 continuously decrease when cooling, reaching a plateau at 13 K

and then drops down to 16.26 cm3 mol-1 K at 2 K.

Ac Magnetic Susceptibility Study

Ac magnetic susceptibility measurements were performed on compounds 1, 4, 5, 6 and 7. Under zero dc
magnetic fields, no maxima for the in-phase ( M) and/or out-of-phase ( M") susceptibility
components were observed, probably due to an important quantum tunnelling of the magnetization
(QTM) process present in these systems.[35] To suppress the QTM relaxation process, an optimal
external dc field of 0.15 T for 1, 0.1 T for 5 and 6 and 0.2 T for 7 was applied and slow relaxation of the
magnetization was then revealed (Figure 6).[24] In the case of compound 4, even under applied dc fields
up to 0.4 T, no frequency or thermal dependencies of M'and/or M" are observed.

Representation of M, measured at different frequencies (1-1488 Hz) of the 0.4 x 10-3 T ac field, at

temperatures between 1.8 and 8.0 K, of compound 1 (Figure 6a) shows maxima of the out-of-phase
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component. The ac curves recorded between 1.8 and 3.6 K have been well-fitted under the generalized
Debye model, as is shown in the corresponding Cole—Cole plot (Figure S1). The extracted relaxation
parameters are collected in Table S4, showing a values close to zero, which means there is a narrow
distribution of the relaxation times and indicates that a single relaxation is mainly involved in the
system's relaxation process.[36] Thermal dependency of the relaxation time of the magnetization (1) in
compound 1 (Figure 6b) reveals that at the highest temperatures, it follows an Orbach relaxation
process. The pre-exponential factor (t0) and the effective energy barrier (Ea) between the two ground
magnetic states can then be extracted from Arrhenius {t =10 x exp[Ea/(kB x T)]}, giving values of 2.8
x 10-6 s and 10.16 cm—1, respectively, consistent with the values obtained for similar
compounds.[37,38] At low temperatures, the rate of t derives from linearity, probably due to the
presence of other relaxation mechanisms, such as Raman or direct processes.[39] The full temperature

range can be fitted with the following model, Equation (2): =—1 =10

=y menp[-E g XTI+ CX T+ AXT )

where the first term represents an Orbach process, and the second and third ones represent Raman and
direct relaxation processes, respectively. The n parameter was fixed at 9, the usual value for Kramers
ions.[40] The best fit values obtained are: 10 =7.4 x 10-6s, Ea=9.5cm-1,C=0.02 s—1 K-9and A =
265.21 s—1 K-1.

The ac susceptibility measurements were carried out on compound 5, with a 0.4 x 10-3 T ac field
oscillating at six frequencies between 10 and 1488 Hz, in the temperature range of 1.8-6.0 K. The out-
of-phase signal M" versusvand M" versus T plots are represented in Figure 6¢ and Figure S2,
respectively, showing the thermal and frequency dependencies of M, but without net maxima in the
range of the measured temperatures, which indicates that the QTM is not completely suppressed. Then,
the energy barrier and relaxation time cannot be extracted from the Arrhenius equation; therefore, these
parameters were obtained using the Debye model and the equation In( M"/ M') = In(w x 10) + Ea/(kB
x T),[41,35] giving, from the best fit [see Figure S9 (right) and Table S5], a value of Ea = 6.6 cm—1 and
an exponential factor 10 = 8.2 x 10-7 s, in good agreement with similar DyIll dinuclear complexes.[41]
In complexes 6 and 7, frequency-dependent peaks for the M’ component can be observed (Figure 6¢
and g) under a 0.4 x 10-3 T ac field oscillating at frequencies between 1-1488 Hz, in the temperature
range of 1.8-4.5 K. Frequency dependences of both M'and M" below 3.3 K for 6 and 3.0 K for 7
were analyzed, again using the generalized Debye model.[42] The correspondent Cole—Cole plots
depicted in Figures S3 and S4 show almost semicircular shapes in all cases, with estimated o values
close to zero. The best-fit relaxation parameters are collected in Tables S6 and S7.

The provided relaxation times (1) allow the representations of In(t) versus T—1 (Figure 6f and h),
showing that at temperatures above 2.7 K for 6 and 2.2 K for 7, the rate of t follows the Arrhenius law,

giving energy barriers of 7.1 and 5.0 cm—1 for 6 and 7, respectively, and pre-exponential factors (10) of
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2.9 x 10-6 s (6) and 9.3 x 106 s (7). These given values are in good agreement with other similar ErlII
and YDbIII field-induced SMM compounds found in the literature.[35,37,43] The deviation of the lineal
dependence of T at low temperatures, for both compounds, suggests the combination of various
relaxation processes of the magnetization. Data of compound 6 can be fitted using Equation (3),[44]

affording values of C = 0.08 s—1 K-9 and A = 1296 s—1 K-1.

I =CxTP+AxT (3)

For compound 7, the relaxation times at low temperatures can be modelled considering both Orbach and
Raman processes; Equation (4):

=1 expl-Eflle x T+ Cx T 4)

The obtained values are 10 = 2.2 x 10-5's, Ea = 3.7 cm-1 and C = 0.09 s—1 K-9.

Photoluminescence Properties

Excitation and emission spectra of complexes 1, 2 and 4-7, recorded in the solid state, at room
temperature, are shown in Figure 7 and Figures S6—S9. The excitation spectra show broad bands around
350 nm, corresponding to the m—n* transitions of the organic ligands in all of the compounds (see Figure
S5). Since the GdIII ion has higher excited electronic states that cannot be sensitized with conventional
organic ligands, the lu minescence study of compound (3) reveals internal ligand transitions (Figure S7).
In the cases of the NdIII, Eulll, TbIII and Erlll compounds, it is possible to observe the 4f—4f metal
absorption peaks above 375 nm.

Luminescence measurements of complex 1 (Figure 7) exhibit emissions of the characteristic f—f
transitions of the NdIII ion in the NIR region. The emission spectra monitored at Aex = 350 nm presents
a broad band centred at 416 nm, attributed to residual ligand emission in the visible region and the metal
f—f transitions 4F3/2 — 419/2 at 902 nm and 4F3/2 — 4111/2 at 1061 nm in the NIR region. From the
excitation spectra recorded at the most intense NdIII transition 4F3/2 — 4I11/2 (Aem = 1061 nm), the
highest absorption band corresponds to ligand-centred transitions from 300 nm to 380 nm. Also, bands
from direct NdIII absorption are revealed at 424 nm for 2P1/2 «— 419/2, at 468 nm for 2K 15/2 + 4G11/2
«— 419/2, at 513 nm for 2K13/2 + 4G9/2 «— 419/2, at 526 nm for 4G7/2 « 419/2, at 588 nm for 2G7/2 «
419/2 and at 743 nm for 4F7/2 + 4S3/2 « 419/2 transitions. The intensities ratios between the ligand and
metal absorption peaks demonstrate that the NdIII emission in compound 1 is much more efficient when
it is excited in the ligand absorption range than at direct metal absorption wavelengths. However, the
ligand emission bands present in the emission spectra recorded in the ligand absorption range reveal that

the energy transfer is not complete.
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The excitation spectra of compound 2 (Figure S6), recorded by monitoring the 5D0 — 7F2 transition of
Eulll at Aem = 615 nm, shows broad ligand-centred n* «— 7 transition bands from 316 to 370 nm. At
lower energies, it is possible to distinguish the f—f transitions of the metal displaying considerably less
intensity with respect to the ligand transitions, suggesting that the emission is supported by the antenna
effect involving the organic fragment. The emission spectra of 2 (Figure S6), recorded under excitation
at 350 nm, results in the characteristic luminescence of 5D0 — 7FJ (J = 0—4) transitions from the Eulll
ion. Specific assignments are as follow: 5D0 — 7F0 (579 nm), 5D0 — 7F1 (592 nm), 5D0 — 7F2 (615
nm), 5D0 — 7F3 (649 nm) and 5D0 — 7F4 (697 nm). The red emission light spectrum is dominated by
the hypersensitive 5SD0 — 7F2 transition, which shows signs of splitting. This fact indicates that the
chemical environment around the Eulll ion does not present an inversion centre.[9,45] Moreover, the
presence of only one sharp peak corresponding to the SDO — 7F0 transition reveals that all of the Eulll
centres present the same chemical environment, and thus, the same crystal field, which is in good
agreement with the X-ray diffraction crystallographic data. The absence of ligand-centred emission
bands suggests that the antenna effect in this complex is efficient.

In the case of the TbIIl compound 4, the excitation spectrum recorded at Aem = 545 nm, corresponding
to the emission band of 5D4 — 7F5 transition, shows the ligand absorption bands and weak peaks
coming from some f—f transitions from the metal (Figure S8). Complex 4 shows the typical TbIII
emission spectrum, containing the expected sequence of SD4 — 7FJ (J = 3—6) transitions (Figure S8).
Specific assignments are as follows: SD4 — 7F6 (489 nm), 5D4 — 7F5 (545 nm), SD4 — 7F4 (585
nm), 5D4 — 7F3 (620 nm) and 5D4 — 7F2 (646 nm). The spectrum is dominated by the 5D4 — 7F5
transition, which gives an intense green luminescence output for the solid sample. As for the Eulll
complex, the energy transfer between the ligand and the metal in this complex seems to be efficient, due
to the absence of ligand emission bands.

The ligand n* « 7 transition dominates the excitation spectrum of compound 5 (Figure S9) measured at
the 4F9/2 — 6H13/2 transition (Aem = 572 nm). Then, the antenna effect enhances the f—f emission
peaks of the DylII at 478 and 572 nm under excitation at 350 nm, which are assigned to the 4F9/2 —
6HJ (J = 15/2, 13/2 transitions, respectively) (Figure S9). The spectrum is dominated by the 4F9/2 —
6H15/2 transition, which gives an intense blue luminescence output for the solid sample.

Compound 6 shows intense ligand-centred emission at around 416 nm (Figure 7). In the NIR range, this
compound also exhibits the characteristic emission peak corresponding to the transition 4113/2 — 4115/2
at 1531 nm. In the excitation spectra (Figure 7), there are bands corresponding to through-ligand
excitation (EL) and others are assigned to through-metal excitation (ELn) at lower energies. The
EL/ELn intensity ratio in the NIR emitting complex 6 is lower than those from the Eulll and TbIII
complexes. This fact is because the f—f transitions for ErllI are less Laporte forbidden, so the direct
lanthanide excitation is more significant in this compound.[46]

For complex 7, ligand-centred emission is also observed around 416 nm (Figure 7), and at 993 nm, the

YbIII 2F5/2 — 2F7/2 transition is revealed. The excitation spectrum of 7 (Aem = 993 nm) shows only
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the absorption of the ligand; as the YbIII ion does not present electronic levels in the UV/Vis region, the

sensitization of the Lnlll emission could be only caused by the ligand antenna effect (Figure 7).[47]
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CONCLUSIONS

Here, we have presented structural, magnetic and luminescence studies of a family of homo-dinuclear
lanthanide compounds based on the use of 2-FBz and phen ligands. We have used a straightforward
room-temperature synthetic procedure and we have successfully obtained six new dinuclear lanthanide
compounds. From a structural point of view, the diminution of the ionic radius along the 4f row is
translated into two different structures being obtained. Following the same synthetic method; for large
ionic radii, compounds 1-6, with the general formula [Ln2(2-FBz)4(NO3)2(phen)2] (Ln = Nd, Eu, Gd,
Tb, Dy and Er) present nine-coordinate environment metal ions. Meanwhile, in compound [Yb2(2-
FBz)6(phen)2] (7), with YbIII having the smallest ionic radius of the series, the coordination number
falls to eight, completely changing the ion environment.

All of the compounds discussed in this work, except for the GdIII one, display the corresponding f—f
emission luminescence, due to ligand absorption followed by energy transfer to the metal, direct metal
absorption or a combination of the two procedures. The Eulll (2), TbIlI (4) and DyIII (5) products emit
in the visible range, and the NdIII (1), ErIlII (6) and YbIII (7) compounds emit in the NIR region.

The fitting of the M x T versus T curve of the GdIII (3) compound by the Heisenberg—Dirac—Van
Vleck (HDVV) spin Hamiltonian reveals a weak antiferromagnetic interaction between the two Lnlll
within the dinuclear unit. Additionally, dynamic magnetic measurements reveal field-induced SMM
character for compounds 1 and 5-7.

Thus, compounds 1, 5, 6 and 7 present both field-induced SMM and luminescence properties and are

considered to be multifunctional complexes with potential biomedical applications.
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EXPERIMENTAL SECTION

Starting Materials: Ln(NO3)3-6H2O0 salts, 2-fluorobenzoic acid and 1,10-phenanthroline (Aldrich)

were used as received, without further purification.

General Syntheses

Complexes 1-7 were obtained on the basis of a previously proposed synthetic approach.[48] The
preparation of all compounds was achieved by the reaction of 2-fluorobenzoic acid (H-2-FBz, 3 mmol)
and 1,10-phenanthroline (phen, 0.6 mmol) dissolved in EtOH/H20 (20 mL, v/v = 50:50) with a solution
of the corresponding Ln(NO3)3-6H20 salt (0.5 mmol) [Ln = Nd (1), Eu (2), Ln = Gd (3), Ln = Tb (4),
Ln=Dy (5), Ln=Er (6), Ln = Yb (7)] in EtOH (10 mL). The mixture was stirred for 1 h at room
temperature. Good-quality crystals, suitable for X-ray diffraction analysis of compounds 1-7, were

obtained after 5-10 days of slow evaporation.

Compound 1: C52H32F4N6Nd2014 (1329.32): caled. C 46.98, H 2.43, N 6.32; found C 46.5, H2.5, N
6.8. Selected IR bands (KBr pellet): v- = 1613 (vs), 1592 (s), 1395 (vs), 1384 (vs), 1305 (s) cm—1.

Compound 2: C52H32Eu2F4N6014 (1344.76): calcd. C 46.44, H 2.40, N 6.25; found C 46.8, H2.4, N
6.5. Selected IR bands (KBr pellet): v- = 1618 (vs), 1565 (s), 1397 (vs), 1385 (vs), 1305 (s) cm—1.

Compound 3: C52H32Gd2F4N6014 (1355.34): for C 46.08, H 2.38, N 6.20; found C 45.3, H2.3, N
6.1. Selected IR bands (KBr pellet): v- = 1615 (vs), 1563 (s), 1395 (vs), 1384 (vs), 1306 (s) cm—1.

Compound 4: C52H32F4AN6014Tb2 (1358.67): caled. C 45.97, H 2.37, N 6.18; found C 46.4, H 2.4, N
6.3. Selected IR bands (KBr pellet): v- = 1615 (vs), 1563 (s), 1399 (vs), 1384 (vs), 1306 (vs) cm—1.

Compound 5: C52H32Dy2F4N6014 (1365.84): caled. C 45.73, H 2.36, N 6.15; found C 47.5, H 2.5, N
5.5. Selected IR bands (KBr pellet): v = 1618 (vs), 1566 (w), 1395 (s), 1384 (vs), 1306 (s) cm—1.

Compound 6: C52H32Er2F4N6014 (1375.36): calcd. C 45.41, H 2.34, N 6.11; found C 45.6, H 2.5, N
6.0. Selected IR bands (KBr pellet): v- = 1618 (vs), 1569 (s), 1395 (s), 1384 (s), 1306 (s) cm—1.

Compound 7: C66H40F6N40O12Yb2 (1541.10): caled. C 51.44, H 2.62, N 3.63; found C 51.0, H2.8, N
3.8. Selected IR bands (KBr pellet): v© = 1612 (vs), 1594 (s), 1415 (vs), 1288 (s) cm—1.

Spectral and Magnetic Measurements: The eclemental analyses of the compounds were performed at

the Serveis Cientifics i Tecno logics of the Universitat de Barcelona. Infrared spectra (4000—400 cm—1)
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were recorded from KBr pellets with a Perkin—Elmer 380-B spectrophotometer. Solid-state fluorescence
spectra were recorded with a Horiba Jobin Yvon SPEX Nanolog fluorescence spectrophotometer

at room temperature. Magnetic measurements were performed on solid polycrystalline samples in a
Quantum Design MPMS-XL SQUID magnetometer at the Magnetic Measurements Unit of the
Universitat de Barcelona. Pascal's constants were used to estimate the diamagnetic corrections, which
were subtracted from the experimental susceptibilities to give the corrected molar

magnetic susceptibilities.

X-ray Diffraction Crystallography: Crystals of 1-3 and 5—7 were mounted in air in a DSVENTURE
(Bruker) diffractometer with CMOS detector. The crystallographic data, conditions retained for the
intensity data collection and some features of the structural refinements are listed in Table 2. All of the
structures were refined by the least-squares method. Intensities were collected with a multilayer
monochromated Mo-Ka radiation. Lorentz polarization and absorption corrections were made in all of
the samples. The structures were solved by direct methods, using the SHELXS-97 computer
program[49] and were refined by the full-matrix least-squares method, using the SHELXL-2014
computer program.[50] The non-hydrogen atoms were located in successive difference Fourier
syntheses and were refined with anisotropic thermal parameters on F2. For hydrogen atoms, isotropic

temperature factors have been assigned as being 1.2 or 1.5 times that of the respective parent.

CCDC 1822670 (for 1), 1577089 (for 2), 1577090 (for 3), 1577091 (for 5), 1577734 (for 6), and
1577735 (for 7) contain the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data Centre.

Supporting Information (see footnote on the first page of this
article): Tables S1-S7, Figures S1-S9 and crystallographic data in CIF

or other electronic format.
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Legends to figures

Scheme 1 Representation of the different coordination modes of the 9-AC ligand.

Figure. 1 (a) Partially labelled plot of compound 2. H atoms are omitted for clarity. Colour code: grey =
C, blue =N, red = O, yellow = F and pink = Eu. (b) Coordination polyhedron of the Eulll ions in

compound 2..

Figure.2 Supramolecular arrangement representation in compound 2 on the (111) plane. In blue: n-
stacking interactions; in green: C—H-- -F intramolecular

hydrogen bonds.

Figure.3. (a) Partially labelled plot of compound 7. H atoms are omitted for clarity. Colour code: grey =
C, blue = N, red = oxygen, yellow = fluorine and green = Yb. (b) Coordination polyhedron of the YbIII

ions in compound 7.

Figure.4 Representation of the supramolecular arrangement of compound 7 on the (111) plane. In blue:

n-stacking interactions; in green: C—H:--F hydrogen bonds.

Figure.5 M x T versus T plots for compounds 1-7. The solid blue line corresponds to the best fit for

complex 3 (see text).

Figure 6 Representation of the frequency dependence of the out-of-phase component of the ac
susceptibility under 0.15 T dc field for 1 (a), under 0.1 T dc field for 5 (c) and 6 (¢) and under a 0.2 T dc
field for 7 (g). Magnetization relaxation time, In(t) versus T—1 for 1 (b), for 6 (f) and for 7 (h). The red
and blue lines represent the fitting using the Arrhenius equation and Orbach, Raman and/or direct
relaxation processes, respectively (see text). (d) Representation of the natural logarithm of M'/ M’
versus T—1 for 5. The red line is fitted using the following equation: In( M'/ M) = In(® x 10) +
Ea/(kB x T).

Figure.7 Solid-state excitation (red) and emission (black) spectra of compounds 1, 6 and 7 at . t.
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600  Table 1. Selected bond lengths [A] for compounds 1-7.
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1 2 3 E ] 4 6 T

Ln1-01 23016(14) J3E08N) 23I5THT) 233703 1I283M 2305312y 12620
Ln1-03 24140015) 13IMEMN 23588{1) 2340 LIS 23008134 240003
Ln1-04 2AS87(15) TADEET) 2353} 23743 1ISETM 2330012 2ITET
Ln1-05 25671(15) 253791 2575(1) 250404 2505600 2457313} 23380
Ln1-06 25D80(1E) TAEMIT) 2A4TE(T) 247 24152 23853 (17 213800
Ln1-H1 2624001 2EEIN 2571n 25T 15457 2530812} 24500
Ln1-M2 ZAS1B(1T LEITHN A0 L6085 158631 25E5H15) 2IBG(E)
Ln1-02" 24151014) 23531 23398(1) 23273 231203 2IEEH12) 2206
Ln1-03" 2T052(14) TESEN) 2EETI AT513 2TiMT 2TAINIZY -
Lnl-Lm1” 4001504y JLE05 105173 197 2E 2049704 pLeeieTef] SA5180n
Symmiatry T-£l-p1-z 1-m2-g-z xt-gl-r -xr-g-z 1-21=-p1-x l-21-gp1-z 1-x1-y2-r
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Table 2 Crystal data and collection details for the X-ray diffraction structure of complexes 1-3 and 5-7.

1 F 3 5 ] T
Formula CaHasFsMeNd:Ow  CobhsBugFalelhg  CogHaaGdaFaMelng CogHazDyaF sl CoHnErsFaMeDhe  CagHaoFaMalhz by
.Fr"“”h ey 1 T4 1344 76 135534 136554 137536 1541.10
System triclinic triclinic triclinic triclinic triclinic triclinic
Space group A A Fl Fl
o JA] T0ET2(T) T0LE529{2) 10.64E(3) T0LAGST] 1064324y 115251015
B IA] (Lirr 10EX36{3) 10.B2233) T0EEST) TOETEN, T1LEFA2(1 )
 [A] 112957 11.1BB0{3) 11156003 1110247 11.0468(4) 119242011
x [ B33 BE3531{T) B3 59%7) HILETH) B3.903(1) 114 216(E)
Bl B2 070§z E1E&N{T) E1LS61(2) B13ENT) BLIMNEY DO.451(5)
¥ [l 02133 TO.00N{Z) G284 EAALST) E0462(1) 02 908(5)
VAT 1 2REZ{14) 1 196634 5) 1192 1005) 11920312y T1B1.58{E) 142053
£ 1 1 1 1 1 1
TIK] 10042} 1002 1002) 1002y 1003 1007
Ao [A] 0Ty i irE onogs arorz R e I LirE]
Diase Ig om™?] 1.E25 1.B&E 1.886 1.501 1932 1.7ag9
piibiaX_) [mm"] 115 1681 1845 Mz 3622 3339
R OLOGEE (OO 0L0D23F (EFES 053 (13568 Q0354 (T176) 00151 {6828y 00337 {7481
whz 00306 (7360 00563 [TITE) 00353 (15003 Q0G4S (T212) O34 {7208) 00709 {BETE)




