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Abstract:



The first complexes with lanthanoid ions and the nitroanilato ligand have been synthesized (nitroanilate dianion = [C6O4(NO2)2]2− = dianion of the 3,6-dinitro-2,5-dihydroxo-1,4-dibenzoquinone ligand). This family of dimers can be formulated as [Ln2(C6O4(NO2)2)3(H2O)10]·6H2O with Ln(III) = Sm (1), Gd (2), Tb (3), Dy (4), Ho (5), and Er (6). The X-ray structure of this family of isostructural complexes shows that they all present a dimeric structure where the Ln3+ ions are connected by a bis-bidentate nitroanilato ligand. Each metal completes its nonacoordination environment with a terminal bidentate nitroanilato ligand and five water molecules in a slightly distorted tri-capped trigonal prismatic geometry. The magnetic properties of this family show the expected contributions of the lanthanoid ions without any noticeable magnetic interaction through the nitroanilato ligand. The compounds present luminesce of the nitroanilato ligand superimposed with a weaker emission from the lanthanide ion in compound 5 (Ho).
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1. Introduction


The design and synthesis of polynuclear coordination complexes and coordination polymers with interesting physical properties is one of the hottest topics in Material Science nowadays. Thus, many coordination compounds have been synthesized with magnetic [1,2,3], electrical [4], and/or optical properties [5,6], Another hot topic in the last decades has been the incorporation of two or more properties in the same compound. Thus, multi-functional materials combining electrical conductivity and ferromagnetism [7], superconductivity and magnetism [8], chirality and magnetism [9,10], or porosity and magnetism [11], have been reported in the last two decades.



Albeit, the design and synthesis of novel materials with tailored magnetic properties still remains a challenge. The most habitual strategies to reach this objective are: (i) using simple bridging ligands as cyanide (CN−) [12], dicyanamide (N(CN)2−) [13,14,15], azide (N3−) [16,17,18,19,20], oxalato (C2O42−) [21], ... combined with different transition metal atoms; (ii) using metalloligands, i.e., pre-formed metal complexes with vacant positions or labile ligands able to coordinate to other metal atoms [22,23,24] and (iii) using bridging ligands and co-ligands with different metal atoms to prepare coordination compounds with two or more different ligands and metals.



One of the most used ligands to prepare these coordination complexes and polymers is oxalato, since it can easily act as bis-bidentate bridging ligand connecting and coupling different magnetic centers [21]. A topologically related family of ligands to oxalato is anilato and its derivatives (C6O4X22− = 3,6-disubstituted-2,5-dihydroxy-1,4-benzoquinone dianion, see Scheme 1). These ligands contain an aromatic ring replacing the central C=C skeleton of oxalato and can also act as bis-bidentate ligands coupling the metal centers they bridge [25].



Although all the aforementioned ligands have been mainly used with transition metal ions (especially with those of the first row), there is an increasing interest in the use of lanthanoid ions to prepare coordination complexes and polymers. This interest is due to the exceptional properties shown by these lanthanoid complexes in molecular magnetism [26,27,28,29]. An additional interest of lanthanoid-based coordination complexes is the presence of luminescence in many of them [30]. Thus, during the last decades, the photoluminescence properties of rare-earths have caught the attention of scientific community devoted to both fundamental and applied research [31,32,33,34]. The most attractive feature of luminescent lanthanoid compounds is related to their characteristic narrow emission lines [35,36]. Although photoluminescence of rare earths can be an efficient process, lanthanoid ions suffer from weak light absorption. Tailoring the rare earth environment by chemical synthesis is a key issue to overcome the problem of low absorption. This is the so-called antenna effect (or sensitization) [37,38,39]. The strategy consists of taking advantage of the intense absorption bands of organic chromophores to increase the carrier injection into the lanthanoid ion by intramolecular energy transfer. As possible ligands to play this role, we are currently exploring the family of anilato-type ligands of formula (C6O4X2)2− with X = H, Cl, Br, NO2, ...



Using anilato-based ligands, we have recently prepared a family of heterometallic 2D honeycomb lattices formulated as [MIIMIII(C6O4X2)3]− with MII = Mn, Fe, and Co; MIII = Cr and Fe and X = H, Cl, Br and I, where chirality and porosity coexist with tuneable long range magnetic order [1]. Interestingly, these 2D lattices are topologically identical to those obtained with lanthanoids, formulated as [Ln2(C6O4X2)3(H2O)6]·nH2O (X = H and Cl) [40]. The main difference is the lack of planarity in the Ln(III) lattices since besides the three anilato ligands, each lanthanoid is coordinated by three water molecules in a tri-capped trigonal prismatic geometry. These layers have only been obtained with dhbq (X = H) and chloroanilato (X = Cl) but not with other anilato-derivatives. Since nitroanilato is a derivative that has never been used to prepare extended lattices with lanthanoids nor transition metals (except for a FeNa 2D lattice recently reported by some of us) [41], we have started a systematic study to try to prepare different complexes with lanthanoids and nitroanilato.



Remarkably, the nitroanilato ligand (X = NO2) has been very scarcely used to prepare coordination compounds with any metal. In fact, a search in the CCDC database (updated February 2016), shows that there are only nine metallic complexes prepared with this ligand. Surprisingly, in all cases the metal ions are s-block metals as Na and K [42], or Ca and Sr [43], or d-block metals as Zn [44], Mo [45], Mn [46], Cr [47], and Fe [47]. Additionally, there is a very recent heterometallic 2D lattice where nitroanilato is coordinated to two different metals (Fe and Na) [41], but, as far as we know, no lanthanoid metal has ever been combined with this ligand.



Here we present the synthesis and characterization of the first complexes prepared with the ligand nitroanilato ([C6O4(NO2)2]2− = dianion of the 3,6-dinitro-2,5-dihydroxo-1,4-dibenzoquinone ligand, Scheme 1) and up to six different lanthanoid metal ions. These complexes can be formulated as [Ln2(C6O4(NO2)2)3(H2O)10]·6H2O with Ln(III) = Sm (1), Gd (2), Tb (3), Dy (4), Ho (5), and Er (6). All the compounds are isostructural and consist of nitroanilato-bridged Ln(III) dimers. Here we present the single crystal X-ray structural characterization of 1–5 (the isostructurality of complex 6 was determined from X-ray powder diffraction, Figure S1) as well as their magnetic and luminescence properties.




2. Results and Discussion


2.1. Syntheses of the Complexes


The synthesis of the six compounds was performed under similar conditions using layering tubes to obtain good quality single crystals. The used metal:nitroanilato ratio (2:3) is the same found in the crystal structure of 1–5 and also in the family of anilato-based hetero-metallic 2D lattices formulated as [Ln2(C6O4X2)3].nH2O [40], A[MIIMIII(C6O4X2)3] [1] and A2[MIMIII(C6O4X2)3] [48] (A = [(H3O)(phenazine)3]+, NBu4+, PBu3Me+, PPh3Et+ or NBu3Me+; MI = Na or K; MII = Mn, or Fe; MIII = Fe and Cr; X = H, Cl, Br or I). Albeit, when X = NO2, these 2D lattices are not obtained but instead the series of Ln dimers 1–6 with a nitroanilato bridge are formed. Probably the larger steric hindrance of the NO2 groups, that usually appear tilted ca. 30°–50° with respect to the anilato ring [44,47], (as also observed in compounds 1–5, see below) is at the origin of this particular behavior.




2.2. Description of the Structures


Structure of [Ln2(C6O4(NO2)2)3(H2O)10]·6H2O with Ln(III) = Sm (1), Gd (2), Tb (3), Dy (4), Ho (5), and Er (6). Compounds 1–6 are all isostructural and crystallize in the triclinic space group P-1 (Table 1). Compound 6 could not obtain as good quality single crystals and, therefore, its isostructurality has to be confirmed by X-ray power diffraction (see Figure S1 in Supplementary Materials).



Table 1. Crystal data and structure refinement of complexes 1–5.







	

	
1

	
2

	
3

	
4

	
5






	
Formula

	
C18H32N6 O40Sm2

	
C18H32N6 O40Gd2

	
C18H32N6 O40Tb2

	
C18H32N6 O40Dy2

	
C18H32N6 O40Ho2




	
F. Wt.

	
1273.20

	
1286.90

	
1290.31

	
1297.46

	
1302.32




	
Space group

	
P-1

	
P-1

	
P-1

	
P-1

	
P-1




	
Crystal system

	
Triclinic

	
Triclinic

	
Triclinic

	
Triclinic

	
Triclinic




	
a (Å)

	
8.0077(3)

	
8.0303(5)

	
8.0175(5)

	
7.9851(4)

	
8.0448(5)




	
b (Å)

	
10.7464(4)

	
10.7457(7)

	
10.7254(7)

	
10.6978(5)

	
10.7517(7)




	
c (Å)

	
12.1755(5)

	
12.1628(7)

	
12.1377(8)

	
12.1147(6)

	
12.1739(9)




	
α (°)

	
112.443(4)

	
112.596(6)

	
112.479(6)

	
112.273(5)

	
112.566(7)




	
β (°)

	
99.977(3)

	
100.577(5)

	
100.477(5)

	
100.339(4)

	
100.498(6)




	
γ (°)

	
101.730(3)

	
101.737(6)

	
101.785(5)

	
101.870(4)

	
101.758(5)




	
V/Å3

	
911.01(7)

	
908.08(11)

	
904.28(11)

	
898.52(8)

	
911.62(12)




	
Z

	
1

	
1

	
1

	
1

	
1




	
T (K)

	
120

	
120

	
120

	
120

	
120




	
ρcalc/g·cm−3

	
2.273

	
2.328

	
2.351

	
2.357

	
2.358




	
μ/mm−1

	
3.340

	
3.770

	
4.030

	
4.277

	
4.458




	
F(000)

	
600

	
616

	
622

	
612

	
628




	
R(int)

	
0.0439

	
0.0231

	
0.0273

	
0.0397

	
0.0211




	
θ range (deg)

	
2.91–25.04

	
2.82–25.04

	
2.91–25.04

	
2.92–25.07

	
2.82–25.04




	
Total reflections

	
9815

	
5886

	
5967

	
10448

	
6076




	
Unique reflections

	
3215

	
3213

	
3202

	
3180

	
3219




	
Data with I > 2σ(I)

	
2911

	
2989

	
2928

	
3041

	
3036




	
Nvar

	
280

	
325

	
331

	
310

	
328




	
R1a on I > 2σ(I)

	
0.0392

	
0.0275

	
0.0285

	
0.0242

	
0.0279




	
wR2b (all)

	
0.0935

	
0.0578

	
0.0612

	
0.0597

	
0.0678




	
GOF c on F2

	
1.076

	
1.056

	
1.048

	
1.081

	
1.082




	
Δρmax (eÅ−3)

	
2.859

	
0.865

	
1.103

	
1.413

	
1.425




	
Δρmin (eÅ−3)

	
−1.340

	
−0.596

	
−0.654

	
−0.685

	
−0.623








aR1 = Σ||Fo| − |Fc||/Σ|Fo|; bwR2 = [Σw(Fo2 − Fc2)2/Σw(Fo2)2]1/2; c GOF = Σ[w(Fo2 − Fc2)2/(Nobs − Nvar)]1/2.








The structure consists of centrosymmetric dimers where the two lanthanoids are connected through a bis-bidentate nitroanilato ligand (Figure 1).


Figure 1. Structure of the dimer unit in [Ho2(C6O4(NO2)2)3(H2O)10]·6H2O (5) showing the labelling scheme (same structure and labelling scheme for all the other compounds). Color code: Ho = pink, C = grey, O = red, coordinated Ow = light blue, crystallization Ow = green, N = dark blue, and H = white. Blue thin lines are the intermolecular H-bonds.



[image: Magnetochemistry 02 00032 g001]






Each Ln(III) ion has a terminal bidentate nitroanilato ligand and completes its coordination environment with five coordinated water molecules. Therefore, the coordination environment of each Ln(III) ion is formed by four oxygen atoms from two nitroanilato ligands and five coordinated water molecules in a tricapped trigonal prismatic geometry (Figure 2). Each nitroanilato ligand occupies a basal position (one in the upper and one in the bottom triangles) and one of the capped positions of the lateral sides (Figure 2). The five water molecules occupy the remaining positions (four basal and a capped one).


Figure 2. Coordination environment of the Dy(III) ion in the structure of 4 (same environment for all the other compounds). Color code: Dy = pink, O = red, Ow = light blue.



[image: Magnetochemistry 02 00032 g002]






The dimers are located in layers parallel to the [1,1,−1] plane (Figure 3) and show two types of intermolecular interactions: (i) π-π interactions between the aromatic rings of the terminal anilato ligands of two neighboring dimers and (ii) H-bonds connecting coordinated and crystallization water molecules with terminal oxygen atoms of the nitroanilato ligand (Table S1, Supplementary Materials and Figure 3).


Figure 3. View of the layers parallel to the [1,1,−1] plane in the structure of 5 showing the short intermolecular O···O distances as blue thin lines. Oxygen atoms of the coordination and crystallization water molecules are depicted in light blue and green, respectively.



[image: Magnetochemistry 02 00032 g003]






A detailed analysis of the Ln–O bond distances (Figure 4, Table 2) shows that the Ln–Owater bond lengths are always shorter than the Ln–ONA bond lengths of the nitroanilato ligand, as a consequence of the chelating coordination mode of nitroanilato. In all cases, the Ln–ONA bond distances are longer for the bridging nitroanilato ligand (O12 and O13) than for the terminal one (O2 and O3). This fact agrees with the smaller electron density available in the oxygen atoms on the bridging ligand compared with the terminal ones. A remarkable fact observed in Figure 4 is the change shown by the Ho derivative in the expected decreasing trend in the bond distances as we move forward in the lanthanoids series. As a consequence of this increase in the Ln–O bond distances, the unit cell volume also shows an unexpected increase in the Ho derivative that breaks the decreasing trend observed in all the other derivatives (Figure 4, Table 2). This unexpected increase of all the Ln–O bond lengths in the Ho derivative is probably related with the lower distortion of its coordination polyhedron as confirmed by the sudden decrease of the dihedral angle of the average planes of the upper and lower triangular faces in the Ho complex (Figure 4).


Figure 4. Variation of the Ln-O bond distances (terminal, bridging, water, and average, left scale) and the unit cell volume (right scale) for the series of compounds 1–5. Inset shows the variation of the dihedral angle (left scale) and the distance (right scale) between the lower and upper triangular faces of the coordination polyhedron of the Ln(III) ion for the series of compounds 1–5.



[image: Magnetochemistry 02 00032 g004]






Table 2. Ln-O bond distances (Å), unit cell volume (Å3), and dihedral angle (θ) between the lower and upper triangular faces of the tricapped trigonal prismatic coordination polyhedron in compounds 1–5.







	
Atoms

	
Sm (1)

	
Gd (2)

	
Tb (3)

	
Dy (4)

	
Ho (5)






	
Ln–O2

	
2.490(4)

	
2.441(3)

	
2.420(3)

	
2.455(3)

	
2.482(3)




	
Ln–O3

	
2.453(4)

	
2.479(3)

	
2.470(3)

	
2.409(3)

	
2.448(3)




	
Ln–O12

	
2.480(5)

	
2.459(3)

	
2.450(3)

	
2.442(3)

	
2.466(3)




	
Ln–O13

	
2.483(4)

	
2.478(3)

	
2.461(3)

	
2.440(3)

	
2.481(3)




	
Ln–O1w

	
2.483(5)

	
2.429(3)

	
2.414(3)

	
2.403(3)

	
2.440(4)




	
Ln–O2w

	
2.459(5)

	
2.463(4)

	
2.434(3)

	
2.326(3)

	
2.464(4)




	
Ln–O3w

	
2.390(5)

	
2.433(3)

	
2.334(3)

	
2.421(3)

	
2.439(4)




	
Ln–O4w

	
2.480(5)

	
2.453(3)

	
2.411(4)

	
2.421(3)

	
2.367(4)




	
Ln–O5w

	
2.469(6)

	
2.345(3)

	
2.450(3)

	
2.435(3)

	
2.471(3)




	
Ln–Oav

	
2.465

	
2.442

	
2.427

	
2.417

	
2.451




	
V (Å3)

	
911.01(7)

	
908.08(11)

	
904.28(11)

	
898.52(8)

	
911.62(12)




	
θ (°)

	
10.72

	
11.33

	
11.34

	
11.38

	
11.11











2.3. Magnetic Properties


The product of the magnetic susceptibility times the temperature (χmT) per Ln(III) ion for the six compounds shows values of ca. 0.17, 7.9, 11.9, 14.3, 14.1, and 11.4 cm3·K·mol−1, close to the expected ones (0.31, 7.87, 11.82, 14.17, 14.07, and 11.48 cm3·K·mol−1, see Table 3) for isolated Sm(III), Gd(III), Tb(III), Dy(III), Ho(III), and Er(III) ions, respectively (Figure 5). When the temperature is decreased, all the compounds (except 2) show a soft decrease followed by a more pronounced one at lower temperatures to reach values of ca. 0.07, 8.5, 9.0, 6.2, and 7.1 cm3·K·mol−1 at 2 K for 1 and 3–6, respectively. The Gd derivative (compound 2) shows a constant value of χmT down to ca. 10 K where a more abrupt decrease appears to reach a value of ca. 6.3 cm3·K·mol−1 at 2 K (Figure 5).


Figure 5. Thermal variation of the χmT product per Ln(III) ion for the series of compounds 1–6.



[image: Magnetochemistry 02 00032 g005]






Table 3. Relevant magnetic information for complexes 1–6.







	
Compound

	
Ln(III)

	
S

	
L

	
J

	
gJ a

	
χmTcalcb

	
χmTexp






	
1

	
Sm

	
5/2

	
5

	
5/2

	
2/7

	
0.09

	
0.08




	
2

	
Gd

	
7/2

	
0

	
7/2

	
2

	
7.87

	
7.9




	
3

	
Tb

	
3

	
3

	
6

	
3/2

	
11.82

	
11.9




	
4

	
Dy

	
5/2

	
5

	
15/2

	
4/3

	
14.17

	
14.3




	
5

	
Ho

	
2

	
6

	
8

	
5/4

	
14.07

	
14.1




	
6

	
Er

	
3/2

	
6

	
15/2

	
6/5

	
11.48

	
11.4








agJ = (3/2)·[S(S + 1) − L(L + 1)]/[2J(J + 1)]; b χmTcalc = (NAgJ2μB2/3k)·J(J + 1).








The observed magnetic behavior in the six compounds are those expected for isolated or very weakly coupled Ln(III) ions [49]. The values observed at room temperature are close to those calculated for 6H5/2, 8S7/2, 7F6, 6H15/2, 5I8, and 4I15/2 ground multiplets for 1–6, respectively [50]. The decrease observed in all the samples expect in 2, is due to the progressive depopulation of the higher energy Stark components arising from the splitting of the aforementioned ground levels as a consequence of the ligand field. Of course, this decrease may also include a weak antiferromagnetic intradimer Ln-Ln coupling through the nitroanilato bridge. These results suggest that the nitroanilato ligand gives rise to very weak magnetic coupling. Note that although this weak coupling has been observed in other anilato-derivative ligands as chloroanilato and bromoanilato [1], it has never been observed before for nitroanilato since compounds 1–6 are the first magnetically characterized anilato-bridged complexes. Note that there are only two nitroanilato-bridged complexes with paramagnetic metals (Mo and Mn) reported to date, but none of them has been magnetically characterized [45,46].




2.4. Luminescence Properties


The luminescence of compounds containing the nitroanilato ligand is usually found around 500 nm in solution [51]. This emission varies after crystallization, resulting in a broad emission band centered at λN = 596 nm as shown in Figure 6a. The full width at the half maximum (FWHM) of this peak is about 85 nm estimated from the best Gaussian fit (in red). Importantly, this peak is also observed in our compounds, offering additional functionality to the system. For example, in the Ho(III) compound the ligand emission is clearly observed accompanied by additional radiative transitions, see Figure 6b. The best fitting shows, besides the ligand emission, two peaks centered at 541 and 643 nm (respectively noted as Ho1 and Ho2). Ho1 and Ho2 can be tentatively attributed to the well know radiative recombination channels at the Ho(III), 5F4 → 5I8 and 5F5 → 5I8, respectively [52]. These peaks show narrower FWHM, below 40 nm in the case of Ho2, as expected from rare earth emission. The integrated optical signal is around 30% of the total emitted light, which is an important rate having into account the high emission efficiency of the ligand.


Figure 6. Emission spectra of the ligand (a) and the Ho(III) (b) compound. In both cases the spectrum corresponds to the average spectra in different points of single crystals excited at 405 nm wavelength. The experimental measurements are plotted in blue. The red curve is the best single and triple Gaussian fit, respectively. In the latter case, the contribution of the ligand is plotted in grey while the peak tentatively ascribed to the ion emissions are in black and shadowed.



[image: Magnetochemistry 02 00032 g006]






For the Gd(III) and Er(III) compounds we cannot expect any contribution from the lanthanide ions. Quite particular is the case of the Gd(III) compound since the energy of the first excited state occurs at the ultra violet region. Thus, there are not available radiative recombination channels for Gd(III) ions at the visible range [53]. On the other hand, the optical activity of Er(III) compounds is centered at the near-infrared, because of the recombination from the first excited to the ground state (4I13/2 → 4I15/2). In these conditions, resonant optical pumping or up-conversion mechanisms must be employed for enabling visible light emission from the Er(III) ion, (e.g., via transitions such as 4S3/2 → 4I15/2 or 4F9/2 → 4I15/2). As a result, the corresponding luminescence spectra present minor differences with respect to the ligand crystal signal (Figure 7a,b): emission lines with FWHMGd = 90 nm and FWHMEr = 95 nm centered around 590 nm.


Figure 7. The emission spectra of the Gd(III) (a); Er(III) (b); Sm(III) (c); Tb(III) (d); and Dy(III) (e) compounds. The experimental data are plot in blue and the corresponding Gaussian fit in red. Every spectrum has been acquired in the same conditions of previous compounds.



[image: Magnetochemistry 02 00032 g007]






In the case of the Sm(III) compound, the luminescence is again centered around 590 nm. In contrast, the emission spectrum is considerably broadened, FWHM = 130 nm is estimated from Figure 7c. Similar broadenings are found for the Tb(III) and Dy(III) compounds (see Figure 7d,e), presenting FWHM = 110 nm in both cases. This broadening could be explained by variations on the charge environment (with respect to the case of Gd(III) or Er(III) compounds). However, this phenomenon usually comes with a redshift when produced by interaction with the crystal lattice, in contrast, a slight blue shift is observed in the spectra of Tb(III) and Dy(III) compounds (up to 574 and 579 nm, respectively).



A deeper discussion would require a more accurate study about the sensitization dependence on the electronic structure of the lanthanide ions, which is out of the scope of this work. However, the differences with respect to the ligand crystal emissions are only observed in those compounds with optically active resonances at the visible range, and hence, the lanthanide ions should be playing a role. Here, we propose competition between the ligand and the lanthanide emission during the energy transfer as possible explanation. The ligand luminescence dominates the emission due to its shorter lifetime and higher oscillator strength [51,52]. However, part of the excitation energy is transferred to the lanthanide ion, maintaining certain population on the excited states, if available in the visible. The interaction between ligand and ion carriers will be responsible of broadening by spectral diffusion due to electrical screening. In this situation, we could also expect a weak contribution of the lanthanides to the luminescence. Even hindered by the ligand emission, this contribution could be partially responsible for additional broadening and shifts in the emission wavelength. Finally, the contribution of lanthanide ion emission would be favored by the sensitization mechanisms in the case of Ho(III), making possible the estimation of peaks Ho1 and Ho2 in this particular case.





3. Experimental Section


3.1. Starting Materials


All the reagents were commercially available in analytical grade and used without further purification. The sodium salt of the nitroanilate anion, Na2[C6N2O8], was prepared according to literature methods [54].




3.2. Synthesis of [Sm2(C6O4(NO2)2)3(H2O)10]·6H2O (1)


A solution of Sm(NO3)3·6H2O (4.4 mg, 0.010 mmol) in methanol (2.5 mL) was added dropwise to an aqueous solution (2.5 mL) containing Na2[C6N2O8] (4.1 mg, 0.015 mmol) in a diffusion tube. Deep orange crystals suitable for X-ray structure determination were obtained after 10 weeks. The crystals were filtered, washed with methanol, and air dried.




3.3. Synthesis of [Ln2(C6O4(NO2)2)3(H2O)10]·6H2O, Ln = Gd (2), Tb (3), Dy (4), Ho (5) and Er (6)


Compounds 2–6 were synthesized in the same manner as 1 but using Gd(NO3)3·6H2O (4.5 mg, 001 mmol) (2), Tb(NO3)3·5H2O (4.4 mg, 0.01 mmol) (3), Dy(NO3)3·5H2O (4.4 mg, 0.01 mmol) (4), Ho(NO3)3·5H2O (4.4 mg, 0.01 mmol) (5) and Er(NO3)3·5H2O (4.4 mg, 0.01 mmol) (6) instead of Sm(NO3)3·6H2O. After 10 weeks, deep orange crystals, suitable for single crystal X-ray structure determination are formed in the diffusion tube (except for compound 6 where only a crystalline powder could be recovered). The crystals were filtered, washed with methanol, and air dried. Note that in compound 6 the number of crystallization water molecules was assumed to be six based on the water molecules observed in compounds 1–5 with X-ray crystal diffraction.




3.4. Physical Measurements


Magnetic susceptibility measurements were carried out in the temperature range 2–300 K with an applied magnetic field of 0.5 T on polycrystalline samples of compounds 1–6 with a Quantum Design (San Diego, CA, USA) MPMS-XL-5 SQUID susceptometer. The susceptibility data were corrected for the sample holders previously measured using the same conditions and for the diamagnetic contributions of the salt as deduced by using Pascal’s constant tables [55].




3.5. Crystallographic Data Collection and Refinement


Suitable single crystals of compounds 1–5 were mounted on glass fibers using a viscous hydrocarbon oil to coat the crystal and then transferred directly to the cold nitrogen stream for data collection. X-ray data were collected at 120 K on a Supernova (Oxforshire, UK) diffractometer equipped with a graphite-monochromated Enhance (Mo) X-ray Source (λ = 0.71073 Å). The program CrysAlisPro, Oxford Diffraction Ltd., was used for unit cell determinations and data reduction [56]. Empirical absorption correction was performed using spherical harmonics, implemented in the SCALE3 ABSPACK scaling algorithm. The structures were solved by direct methods and successive Fourier difference syntheses, and refined on F2 by weighted anisotropic full-matrix least-squares methods using the SHELXTL suite of programs [57]. Non-hydrogen atoms were refined anisotropically and hydrogen atoms were assigned fixed isotropic displacement parameters. Data collection and refinement parameters are given in Table 1. CCDC-1494804 (1), CCDC-1494806 (2), CCDC-1494807 (3), CCDC-1494808 (4), and CCDC-1494811 (5) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/data_request/cif.




3.6. Luminescence Measurements


The optical measurements have been carried out by means of scanning confocal microscopy using an excitation light of 405 nm. This technique allows simultaneous analysis of the emission spectra from a surface of hundreds of square microns in order to obtain an average spectra representative of the scanning area. Although this fact limits the spectral resolution of the set-up it is well suited for semi-quantitative discussion of the optical properties of crystalline materials. Notice that our compounds crystalize with different habits and sometimes the emission strongly depends on the measuring point, making hard the comparison among different samples when comparing isolated points.





4. Conclusions


The combination of the nitroanilato ligand ([C6O4(NO2)2]2− = dianion of the 3,6-dinitro-2,5-dihydroxo-1,4-dibenzoquinone) with lanthanoid metal ions has led to the synthesis of the first Ln-containing nitroanilato complexes. This series of compounds, formulated as [Ln2(C6O4(NO2)2)3(H2O)10]·6H2O, Ln = Sm (1), Gd (2), Tb (3), Dy (4), Ho (5), and Er (6) show a centro-symmetric dimeric structure with a bridging nitroanilato ligand, one terminal nitroanilato ligand, and five coordinated water molecules on each Ln(III) ion. The coordination environment is tricapped trigonal prismatic in all cases. The bond distances follow the expected decreasing trend as we move forward in the lanthanoid series from Sm to Dy and show an abrupt increase in the Ho(III) derivative that can be attributed to an decrease in the distortion of the coordination environment. The magnetic properties show the expected values and behaviors for the corresponding isolated or almost isolated Ln(III) ions and show for the first time that the nitroanilato ligand gives rise to weak magnetic couplings. These compounds show luminesce properties with contributions from the nitroanilato ligand and eventually from the Ln(III) ions, opening the door to a fine tuning of these properties by simply using other anilato-derivative ligands. This work is in progress in our group. We are also performing the synthesis using different metal to ligand ratios in order to obtain coordination complexes and polymers with different dimensionalities and stoichiometries as 1:1 and 1:2, besides the 2:3 observed in compounds 1–6.
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The following are available online at www.mdpi.com/2312-7481/2/3/32/s1, Figure S1: Powder X-ray diffractograms of compounds 1–6 compared with the simulated one from the single crystal X-ray structure of compound 5, Table S1: Intermolecular H-bonds with O···O distances (in Å) below 2.9 Å involving at least one coordinated or crystallization water molecule for compounds [Ln2(C6O4(NO2)2)3(H2O)10]·6H2O with Ln = Sm (1), Gd (2), Tb (3), Dy (4), and Ho (5).
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Scheme 1. The nitroanilato ligand and its bis-bidentate coordination mode with Ln(III) ions. 
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