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Abstract: Five new anilato-based, Ln(III)-containing, layered compounds have been
prepared with the asymmetric ligand chlorocyananilato (C6O4(CN)Cl)2−; different
Ln(III) ions Ce(III), Pr(III), Yb(III), and Dy(III); and the three different solvents
H2O, dimethylsolfoxide (DMSO), and dimethylformamide (DMF). Compounds
[Ce2(C6O4(CN)Cl)3(DMF)6]·2H2O (1), [Pr2(C6O4(CN)Cl)3(DMF)6] (2), [Pr2(C6O4(CN)Cl)3(DMSO)6] (3),
[Yb2(C6O4(CN)Cl)3(DMSO)4]·2H2O (4) and [H3O][Dy(C6O4(CN)Cl)2(H2O)]·4H2O (5) show the
important role that the Ln(III) size, as well as the size and shape of the solvent may play in the crystal
structure of each compound. Compounds 1–4 present (6,3)-2D hexagonal lattices, with important
differences in the coordination number and geometry of the Ln(III) ion, as well as in the distortion
of the hexagonal cavities, depending on the Ln(III) and solvent size. Compound 5 (the only one
prepared with water) presents a (4,4)-2D square lattice, where the Dy(III) ions are surrounded
by four chelating anilato ligands. Compounds 2–4 are essentially paramagnetic, confirming the
presence of weak (if any) magnetic coupling mediated by the anilato ligands when connecting
Ln(III) ions. Compounds 2–4 showed a red shift and a broadening of the emission band of the ligand.
Compound 4 also showed a strong emission band attributed to the Yb(III), suggesting an antenna
effect of the ligand. An energy transfer diagram is proposed to explain these luminescent properties.

Keywords: magnetic coordination polymers; lanthanoids; anilato-based compounds; chlorocyananilato;
honeycomb layers; luminescent properties

1. Introduction

The design of crystalline porous coordination polymers, or metal organic frameworks (MOFs)
with different cavities sizes and shapes, is one of the hottest topics in Coordination Chemistry [1,2].
The modulation and control of the shape and size of the cavities is a key aspect to designing MOFs
with tailored properties, for applications in gas storage and separation [3,4], water adsorption [5],
energy storage [6,7], catalysis [8,9], sensors [10,11], biomedicine [12,13], or for combining several
properties in the same MOF [14].
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In most MOFs, the building blocks used are transition (and group 12) metal atoms or complexes
linked by different types of ligands (mainly organic). In recent years, lanthanides have become very
popular for preparing MOFs with luminescence properties that can be used as sensors [15–17].

Among the different ligands used to construct MOFs, polycarboxylic acids (including aromatic) are
the most common, given their high coordination capacity and different coordination modes [14,18–21].
Other ligands include aromatic amines and quinones, such as the 2,5-dihydroxy-1,4-benzoquinone
dianion (C6O4H2)2− = dhbq, and the corresponding 3,6-disubstituted dianions (C6O4X2)2−,
with X = Cl, Br, NO2, CN, ... (Figure 1) [22,23]. These derivatives of 2,5-dihydroxy-1,4-benzoquinone
(anilato-type ligands) are becoming popular ligands, since they resemble the oxalato ligand (Figure 1),
although with some advantages. Their larger size gives rise to larger cavities and channels, and gives
the possibility to change the X group (Figure 1). The similarities of oxalato and anilato-type ligands
can be clearly seen in the classical chiral [M(L)3]3− monomers [24,25], as well as in the extended 2D
and 3D lattices observed for both ligands [22,26–30].
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Figure 1. (a) The ligand dhbq2− and the 3,6-disubstituted anilato derivative dianions (C6O4X2)2−

showing the typical bis-bidentate coordination mode displayed by oxalato (b).

Although anilato-type ligands have been mainly used with transition metal ions [22,23], there are
also several examples of anilato-based compounds with lanthanoids (Tables 1–4). These compounds
can be formulated as [Ln2(C6O4X2)3(G)n]·mG, and can be grouped into different series depending on
X (the anilato-type ligand) and G (the solvent used).

Thus, for X = H (i.e., with the ligand C6O4H2
2− = dhbq2−) and G = H2O (Table 1), all the Ln(III)

ions form isostructural compounds (phase I) formulated as [Ln2(C6O4H2)3(H2O)6]·18H2O, whose
structure consists in a (6,3)-2D honeycomb lattice formed by regular (although not planar) hexagons,
and where the Ln(III) ions are nona-coordinated with a tri-capped trigonal prismatic geometry [31–33].

Table 1. The series [Ln2(L)3(H2O)6]·18H2O with L = dhbq2− = (C6O4H2)2−.

Ln(III) Compound Phase Cavity Ref.

La [La2(dhbq)3(H2O)6]·18H2O I hex-regular [31]
Ce [Ce2(dhbq)3(H2O)6]·18H2O I hex-regular [31]
Pr [Pr2(dhbq)3(H2O)6]·18H2O I hex-regular [33]
Nd [Nd2(dhbq)3(H2O)6]·18H2O I hex-regular [33]
Sm [Sm2(dhbq)3(H2O)6]·18H2O I hex-regular [33]
Eu [Eu2(dhbq)3(H2O)6]·18H2O I hex-regular [33]
Gd [Gd2(dhbq)3(H2O)6]·18H2O I hex-regular [31]
Tb [Tb2(dhbq)3(H2O)6]·18H2O I hex-regular [33]
Dy [Dy2(dhbq)3(H2O)6]·18H2O I hex-regular [33]
Ho [Ho2(dhbq)3(H2O)6]·18H2O I hex-regular [33]
Er [Er2(dhbq)3(H2O)6]·18H2O I hex-regular [33]
Tm [Tm2(dhbq)3(H2O)6]·18H2O I hex-regular [33]
Yb [Yb2(dhbq)3(H2O)6]·18H2O I hex-regular [31]

When X = Cl (i.e., with the ligand C6O4Cl22− = chloranilato) and G = H2O (Table 2), up to
four different phases, formulated as [Ln2(C6O4Cl2)3(H2O)6]·nH2O, could be prepared, depending



Magnetochemistry 2018, 4, 6 3 of 21

exclusively on the size of the Ln(III) ion. Phase I, with n = 14, is observed for the larger Ln(III) ions
(La, Ce, Pr and Nd). Phase II, with n = 12, is formed by the intermediate lantanoids (Sm, Eu, Gd, Tb, Dy
and Ho). Phase III, with n = 10, is only observed for Ln = Er(III). Finally, phase IV, with n = 8, is formed
by the smallest lanthanoids (Tm and Yb) [31–33]. These four phases show all the same (6,3)-2D topology,
but differ in the distortions of the hexagonal cavities and in the orientation of the chloranilato ligands,
with respect to the average plane of the cavity that can be “edge-on” (E) or “face-on” (F) when the
anilato plane is perpendicular or parallel to the cavity plane, respectively. In phases I and II, there are
four “edge-on” and two “face-on” chloranilato ligands (4E-2F, or type a) [31], whereas in phase III the
ligands present the orientation 2E-4F, or type b [31]. Phase IV also shows a 4E-2F orientation of the
chloranilato ligands, but the cavities are so distorted that they are rectangular. This type of rectangular
cavity (called type c by Robson) [31] had only been observed in [Y2(C6O4X2)3(H2O)6]·6H2O (X = Cl
and Br) [34], [Pr2(C6O4Cl2)3(EtOH)6]·2EtOH [35] and [Er2(C6O4Br2)3(DMF)6] [36].

Table 2. The series [Ln2(L)3(H2O)6]·nH2O with L = (C6O4Cl2)2− = CA.

Ln(III) Compound Phase Cavity Ref.

La [La2(CA)3(H2O)6]·14H2O a I hex-4E-2F [31]
Ce [Ce2(CA)3(H2O)6]·14H2O b I hex-4E-2F [31]
Pr [Pr2(CA)3(H2O)6]·14H2O I hex-4E-2F [31]
Nd [Nd2(CA)3(H2O)6]·14H2O c I hex-4E-2F [31]
Sm [Sm2(CA)3(H2O)6]·12H2O II hex-4E-2F [33]
Eu [Eu2(CA)3(H2O)6]·12H2O II hex-4E-2F [31]
Gd [Gd2(CA)3(H2O)6]·12H2O d II hex-4E-2F [31]
Tb [Tb2(CA)3(H2O)6]·12H2O II hex-4E-2F [31]
Dy [Dy2(CA)3(H2O)6]·12H2O II hex-4E-2F [33]
Ho [Ho2(CA)3(H2O)6]·12H2O II hex-4E-2F [33]
Er [Er2(CA)3(H2O)6]·10H2O III hex-2E-4F [33]
Tm [Tm2(CA)3(H2O)6]·8H2O IV rect-4E-2F [33]
Yb [Yb2(CA)3(H2O)6]·8H2Oe IV rect-4E-2F [31]

a This compound was reported with n = 7 and we have obtained it with n = 14; b This compound was reported with
n ≈ 12 and we have obtained it with n = 14; c only unit cell parameters reported; d This compound was reported
with n ≈ 10 and we have obtained it with n = 12; e This compound was reported with n ≈ 6 and we have obtained it
with n = 8.

For X = Br (i.e., with the ligand C6O4Br2
2− = bromanilato) and G = H2O (Table 3), only two

different phases, formulated as [Ln2(C6O4Br2)3(H2O)6]·nH2O, have been obtained: phase I, with n = 12,
was obtained for the larger Ln(III) ions (La to Er); whereas phase II, with n = 8, was obtained for the
two smallest ones (Yb and Tm) [33]. Phase I shows a (4E, 2F) disposition (type a) and phase II shows
rectangular cavities also with a (4E, 2F) disposition (type c).

Table 3. The series [Ln2(L)3(H2O)6]·nH2O with L = (C6O4Br2)2− = BA.

Ln(III) D = H2O/G = H2O Phase Cavity Ref.

La [La2(BA)3(H2O)6]·12H2O I hex-4E-2F [33]
Ce [Ce2(BA)3(H2O)6]·12H2O I hex-4E-2F [33]
Pr [Pr2(BA)3(H2O)6]·12H2O I hex-4E-2F [33]
Nd [Nd2(BA)3(H2O)6]·12H2O I hex-4E-2F [33]
Sm [Sm2(BA)3(H2O)6]·12H2O I hex-4E-2F [33]
Eu [Eu2(BA)3(H2O)6]·12H2O I hex-4E-2F [33]
Gd [Gd2(BA)3(H2O)6]·12H2O I hex-4E-2F [33]
Tb [Tb2(BA)3(H2O)6]·12H2O I hex-4E-2F [33]
Dy [Dy2(BA)3(H2O)6]·12H2O I hex-4E-2F [33]
Ho [Ho2(BA)3(H2O)6]·12H2O I hex-4E-2F [33]
Er [Er2(BA)3(H2O)6]·12H2O I hex-4E-2F [36]
Tm [Tm2(BA)3(H2O)6]·8H2O II rect-4E-2F [33]
Yb [Yb2(BA)3(H2O)6]·8H2O II rect-4E-2F [33]
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The last anilato-type ligand that has been combined with lanthanoids and water is nitranilato
(X = NO2). In this ligand, the two NO2 groups are tilted with respect to the anilato plane, giving rise to
a large steric effect that precludes the formation of the (6,3)-lattices observed when X = H, Cl and Br.
Thus, for nitranilato, all the attempts to obtain the 2D lattice led to a series of nitranilato-bridged
dimers, formulated as [Ln2(C6O4(NO2)2)3(H2O)10]·6H2O (Ln(III) = Sm, Eu, Gd, Tb, Dy, Ho and Er)
(Table 4) [33,37]. The Ho(III) derivative of this series shows luminescence, due to the nitroanilato
ligand, being superimposed with a weaker emission from the lanthanide ion [37]. Attempts to combine
larger or smaller Ln(III) ions with nitranilato have been unsuccessful to date.

Table 4. The series [Ln2(L)3(H2O)10]·6H2O with L = (C6O4(NO2)2)2− = NA.

Ln(III) D = H2O/G = H2O Phase Ref.

Sm [Sm2(NA)3(H2O)10]·6H2O dimer [37]
Eu [Eu2(NA)3(H2O)10]·6H2O dimer [33]
Gd [Gd2(NA)3(H2O)10]·6H2O dimer [37]
Tb [Tb2(NA)3(H2O)10]·6H2O dimer [37]
Dy [Dy2(NA)3(H2O)10]·6H2O dimer [37]
Ho [Ho2(NA)3(H2O)10]·6H2O dimer [37]
Er [Er2(NA)3(H2O)10]·6H2O dimer [37]

Besides water, other solvents, such as ethanol (EtOH), dimethylsolfoxide (DMSO), and
dimethylformamide (DMF), have been used to prepare these Ln(III)-compounds with anilato-type
ligands. Interestingly, the ability of these solvents to coordinate the Ln(III) ions, has led to different
phases and structures where the solvents are coordinated to the Ln(III) ions, replacing the three
coordinated water molecules present in all the aqueous phases presented in Tables 1–3.

The very few examples reported, to date, with solvents other than water
include [Pr2(C6O4Cl2)3(EtOH)6]·2EtOH [35], [Er2(C6O4Br2)3(DMSO)4]·2DMSO·2H2O [36],
[Er2(C6O4Br2)3(DMF)6] [36], and the very recently reported series formulated as
[Ln2(C6O4Br2)3(DMSO)n]·2DMSO·mH2O, with n = 6 and m = 0 when Ln = La-Gd, and n = 4
and m = 2 when Ln = Tb-Yb [38]. These three compounds present the same (6,3)-2D topology, but the
cavities are rectangular (in the EtOH and DMF cases) or have a very distorted hexagonal shape (in
the DMSO compound), suggesting that the solvent plays an important role in the final structure.
Thus, the change of water in compound [Er2(C6O4Br2)3(H2O)6]·12H2O to other coordinating solvents,
such as DMSO, and DMF, leads to changes in the coordination number and geometry of the metal
(nine for H2O and DMF vs. eight for DMSO), in the size and distortions of the cavities (hexagonal for
H2O, distorted hexagonal for DMSO, and rectangular for DMF), in the content of the cavities
(12 H2O molecules, two DMSO and two H2O molecules, or nothing), and even in the interlayer
separation [36].

Very recently, Mercuri et al. [39] reported the series of complexes A3[MIII(C6O4(CN)Cl)3],
with A = NBu4

+ and PPh4
+ and MIII = Fe, Cr, and Al. Although these monomeric complexes contain

d- and p-block metals, they also contain the asymmetric 2-chloro-5-cyano-3,6-dihydroxybenzoquinone
(chlorocyananilato) ligand (C6O4(CN)Cl2−) [40]. Interestingly, this ligand shows luminescent
properties in solid state [40] and in solution [39], as well as in the two Al(III) complexes.

Given these above-mentioned results: (i) the luminescence of the nitranilato derivative with
Ho(III) [37], (ii) the intrinsic luminescence of the chlorocyananilato ligand [39,40], (iii) the luminescence
shown by many Ln(III) ions, (iv) the above-mentioned ability of anilato ligands to form 2D lattices with
all the Ln(III) ions [31,33,36] (Tables 1–3), and (v) the capacity shown by some coordinating solvents
to modify these 2D lattices [35,36], we have initiated a detailed study to prepare and characterize the
complete series of compounds with Ln(III) ions and the ligand chlorocyananilato. Furthermore,
we have decided to use different solvents as H2O, DMF, and DMSO, since these solvents have
a high ability to coordinate to the Ln(III) ions [41], and are therefore expected to modulate not
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only the luminescent properties, but also the structure of the resulting compounds, as has been
very recently demonstrated by some of us [36]. Here, we present the first results obtained by
combining the chlorocyananilato ligand, (C6O4(CN)Cl)2− with different Ln(III) ions as Ce(III), Pr(III),
Dy(III), and Yb(III), as well as with different solvents as H2O, DMF, and DMSO. Thus, we have
synthesized and characterized five compounds, formulated as [Ce2(C6O4(CN)Cl)3(DMF)6]·2H2O (1),
[Pr2(C6O4(CN)Cl)3(DMF)6] (2), [Pr2(C6O4(CN)Cl)3(DMSO)6] (3), [Yb2(C6O4(CN)Cl)3(DMSO)4]·2H2O (4)
and [H3O][Dy(C6O4(CN)Cl)2(H2O)]·4H2O (5). These five compounds represent the first obtained
using Ln(III) and the chlorocyananilato ligand. Further work to complete the series with all the Ln(III)
ions and all the solvents is underway.

2. Results and Discussion

2.1. Syntheses of the Complexes

These five compounds were synthesized by carefully layering solutions containing the Ln(III)
ion, dissolved in methanol (for 1–4) or in H2O (for 5) and the asymmetric chlorocyananilato
ligand (as its monopotassium, dipotassium, or tetraphenylphosphonium salts), dissolved in the
corresponding solvent: DMF (for 1 and 2), DMSO (for 3 and 4) or H2O (for 5). As expected, given the
great ability of these solvents to coordinate Ln(III) ions [41], the solvents appear coordinated to the
Ln(III) ion in the final compounds. The slow diffusion of the reagents allowed the synthesis of good
quality single crystals for the determination of the X-ray structure in all cases.

2.2. Description of the Structures

Structure of [Ce2(C6O4(CN)Cl)3(DMF)6]·2H2O (1). Compound 1 crystallizes in the monoclinic
C2/c space group (Table 5). The asymmetric unit contains one Ce(III) ion, three-halves chlorocyananilato
ligands, three coordinated DMF molecules, and two crystallization water molecules with occupancy
factor of one-half, giving rise to the general formula [Ce2(C6O4(CN)Cl)3(DMF)6]·2H2O. The presence
of an inversion centre in the centre of the three anilato rings generated a disorder between the Cl and
CN groups of the ligands, which appeared disordered with one-half occupancies each.

The structure of compound 1 consists of corrugated hexagonal layers parallel to the ab plane
(Figure 2a), with a honeycomb (6,3)-topology (Figure 2b), where each Ce(III) ion is connected to three
other Ce(III) ions through anilato ligands, forming six-membered rings. The layers are packed in an
eclipsed way, giving rise to hexagonal channels along the [101] direction (Figure 3a). The hexagonal
cavities of these layers show a chair conformation, and are almost regular, as shown by the three
similar diagonal Ce-Ce distances (16.11, 16.48 and 16.52 Å). The crystallization water molecules and
the coordinated DMF molecules occupy the inter-laminar space in the cavities formed by the zigzag
layers (Figure 2a).

The Ce(III) ion is surrounded by three chelating anilato ligands and three oxygen atoms of three
DMF molecules (Figure 3b), with the coordination geometry of a distorted tri-capped trigonal prism
(Figure 3c). The DMF molecules occupy one of the triangular faces of the trigonal prism, whereas the
three chelating anilato ligands connect one position of the other triangular face with one equatorial
position (Figure 3c). This particular disposition of the coordinated DMF molecules and anilato ligands
is identical to that found in the series of compounds [Ln2(dhbq)3(H2O)6]·18H2O prepared with dhbq2−

(X = H) and Ln(III) ions (Table 1), which also generated a honeycomb (6,3) structure with very similar
regular and nonplanar hexagonal cavities.
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Table 5. Crystal data and structure refinement of compounds [Ce2(C6O4(CN)Cl)3(DMF)6]·2H2O (1),
[Pr2(C6O4(CN)Cl)3(DMF)6] (2), [Pr2(C6O4(CN)Cl)3(DMSO)6] (3), [Yb2(C6O4(CN)Cl)3(DMSO)4]·2H2O (4)
and [H3O][Dy(C6O4(CN)Cl)2(H2O)]·4H2O (5).

Compound 1 2 3 4 5

Formula C39H46Cl3
N9O20Ce2

C39H42Cl3
N9O18Pr2

C33H36Cl3
N3O18S6Pr2

C29H28Cl3
N3O18S4Yb2

C14H13Cl2N2
O14Dy

F. Wt. 1347.42 1312.98 1343.21 1287.24 666.66
Space group (#) C2/c (15) P21/n (14) P21/n (14) P-1 (2) P2/n (13)
Crystal system Monoclinic Monoclinic Monoclinic Triclinic Monoclinic

a (Å) 13.8141(3) 10.6585(10) 9.6262(3) 9.9354 11.9237(4)
b (Å) 23.3672(4) 13.7163(10) 16.3853(4) 10.6195 14.0496(8)
c (Å) 17.9855(4) 18.3196(14) 15.3240(4) 10.7752 12.2263(5)
α (◦) 90 90 90 112.010 90
β (◦) 98.983(2) 98.863 91.765 93.135 90.254(4)
γ (◦) 90 90 90 95.19 90

V/Å3 5734.5(2) 2646.3(4) 2415.88(11) 1044.39(7) 2048.17(16)
Z 4 2 2 1 1

T (K) 120 120 120 120 120
ρcalc/g cm−3 1.638 1.633 1.797 2.021 1.189

µ/mm−1 1.921 2.045 2.488 4.916 2.009
F(000) 2796 1280 1256 606 700
R(int) 0.0314 0.0898 0.1180 0.0594 0.0623

Total reflections 19,380 35,858 38,300 10,448 14,772
Unique reflections 5071 4705 4278 3180 3604
Data with I > 2σ (I) 4450 3541 3154 3207 3264

Nvar 342 327 311 289 186
θ range (deg) 3.31–25.08 2.81–25.14 2.76–25.07 3.05–25.03 3.33–25.05

R1
a on I > 2σ (I) 0.0599 0.0442 0.0606 0.0394 0.0839
wR2

b (all) 0.1773 0.1139 0.1497 0.1010 0.2384
GOF c on F2 1.089 1.052 1.067 1.071 1.113

∆ρmax (eÅ−3) 1.810 1,616 1.419 1.775 4.534
∆ρmin (eÅ−3) −1.980 −0,865 −1.004 −1.100 −1.419

a R1 = Σ ||Fo|− |Fc||/Σ |Fo|. b wR2 = [Σw(Fo
2 − Fc

2)2/Σw(Fo
2)2]1/2. c GOF = [Σ [w(Fo

2 − Fc
2)2/(Nobs −Nvar)]1/2.
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Only the oxygen atoms of the DMF molecules are shown, and the N atoms of the CN groups and the 

Figure 2. (a) Side view of the corrugated layers in compound 1. Only the oxygen atoms of the
dimethylformamide (DMF) molecules are shown and the H atoms have been omitted for clarity.
(b) Projection of the hexagonal layer in the ab plane. Colour code: Ce = pink, Cl = green, C = grey,
O = red, N = dark blue, ODMF = light blue and Owater = purple.
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Figure 3.  (a) Perspective view of one hexagonal channel along  the  [101] direction  in compound 1. 

Only the oxygen atoms of the DMF molecules are shown, and the N atoms of the CN groups and the 
Figure 3. (a) Perspective view of one hexagonal channel along the [101] direction in compound 1.
Only the oxygen atoms of the DMF molecules are shown, and the N atoms of the CN groups and the
H atoms have been omitted for clarity. (b) Coordination environment of the Ce atom in compound 1,
with the labelling scheme of the main atoms and the disorder in the Cl/CN positions. (c) Coordination
geometry of the Ce atom in compound 1. Colour code: Ce = pink, Cl = green, C = grey, O = red,
N = dark blue, ODMF = light blue and Owater = purple. Due to the Cl/CN disorder, the Cl atoms
represent 50% Cl and 50% C of the CN group.

Structure of [Pr2(C6O4(CN)Cl)3(DMF)6] (2). Compound 2 crystallizes in the monoclinic
P21/n space group (Table 5). The asymmetric unit contains one Pr(III) ion, one-and-a-half
chlorocyananilato ligands, and three coordinated DMF molecules, giving rise to the general formula
[Pr2(C6O4(CN)Cl)3(DMF)6]. One anilato ligand has an inversion centre in the centre of the anilato ring,
generating a disorder between the Cl and CN groups. The other anilato ligand did not contain any
symmetry element, but it also showed a positional disorder of the Cl and CN group.

The structure of compound 2 also shows layers (Figure 4a) with a (6,3) topology, where each
Pr(III) ion is connected to three other Pr(III) ions through anilato ligands, forming six-membered rings.
The difference between compounds 1 and 2 is that in compound 2, the layers are almost planar, and the
six-membered rings are so distorted that they appear as rectangles (Figure 4b). These rectangles are
disposed in rows along the b direction, in such a way that the rectangles of consecutive rows are
orthogonal, giving rise to a spike-like layer (Figure 4b). These layers are packed in an eclipsed way,
generating rectangular channels along the a direction (Figure 5a).

Magnetochemistry 2018, 4, 6  7 of 20 

 

H atoms have been omitted for clarity. (b) Coordination environment of the Ce atom in compound 1, 

with  the  labelling  scheme  of  the  main  atoms  and  the  disorder  in  the  Cl/CN  positions.  (c) 

Coordination geometry of the Ce atom in compound 1. Colour code: Ce = pink, Cl = green, C = grey, 

O = red, N = dark blue, ODMF = light blue and Owater = purple. Due to the Cl/CN disorder, the Cl atoms 

represent 50 % Cl and 50 % C of the CN group. 

The Ce(III) ion is surrounded by three chelating anilato ligands and three oxygen atoms of three 

DMF molecules (Figure 3b), with the coordination geometry of a distorted tri‐capped trigonal prism 

(Figure 3c). The DMF molecules occupy one of the triangular faces of the trigonal prism, whereas the 

three chelating anilato ligands connect one position of the other triangular face with one equatorial 

position  (Figure  3c).  This  particular  disposition  of  the  coordinated DMF molecules  and  anilato 

ligands  is  identical  to  that  found  in  the  series of  compounds  [Ln2(dhbq)3(H2O)6]∙18H2O prepared 

with dhbq2− (X = H) and Ln(III) ions (Table 1), which also generated a honeycomb (6,3) structure with 

very similar regular and nonplanar hexagonal cavities. 

Structure of  [Pr2(C6O4(CN)Cl)3(DMF)6]  (2). Compound 2  crystallizes  in  the monoclinic P21/n 

space  group  (Table  5).  The  asymmetric  unit  contains  one  Pr(III)  ion,  one‐and‐a‐half 

chlorocyananilato ligands, and three coordinated DMF molecules, giving rise to the general formula 

[Pr2(C6O4(CN)Cl)3(DMF)6]. One anilato ligand has an inversion centre in the centre of the anilato ring, 

generating a disorder between the Cl and CN groups. The other anilato ligand did not contain any 

symmetry element, but it also showed a positional disorder of the Cl and CN group. 

The structure of compound 2 also shows layers (Figure 4a) with a (6,3) topology, where each 

Pr(III)  ion  is connected  to  three other Pr(III)  ions  through anilato  ligands,  forming  six‐membered 

rings. The difference between compounds 1 and 2 is that in compound 2, the layers are almost planar, 

and  the  six‐membered  rings  are  so  distorted  that  they  appear  as  rectangles  (Figure  4b).  These 

rectangles are disposed in rows along the b direction, in such a way that the rectangles of consecutive 

rows  are orthogonal, giving  rise  to  a  spike‐like  layer  (Figure  4b). These  layers  are packed  in  an 

eclipsed way, generating rectangular channels along the a direction (Figure 5a). 

(a)  (b)
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Figure 4. (a) Side view of the layers in compound 2. (b) View of one rectangular layer in compound
2. Only the oxygen atoms of the DMF molecules are shown. H atoms have been omitted for clarity.
Colour code: Pr = pink, Cl = green, C = grey, O = red, N = dark blue and ODMF = light blue.
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Figure 5. (a) Perspective view of a rectangular channel along the a direction in compound 2.
(b) Coordination environment of the Pr atom in compound 2, with the labelling scheme of the main
atoms and the disorder in the Cl/CN positions. (c) Coordination geometry of the Pr atom in 2.
Colour code: Pr = pink, Cl = green, C = grey, O = red, N = dark blue and ODMF = light blue.

The Pr(III) ion is surrounded by three chelating anilato ligands and three oxygen atoms of three
DMF molecules (Figure 5b), with a coordination geometry of a slightly distorted, mono-capped square
antiprism (Figure 5c). The DMF molecules occupy three positions of the capped square. One chelating
anilato ligand occupies the remaining position in this square face and the capping position, while the
two other anilato ligands occupy consecutive positions in the basal square. (Figure 5c). This particular
disposition of the coordinated DMF molecules and the anilato ligands in the coordination polyhedron
is responsible for the spatial orientation of the anilato bridges, and, therefore, for the shape of the
rectangular cavity, and for the 4E-2F disposition shown by the bridges (Figure 4b).

If we compare the structures of compounds 1 and 2, we can see that the only difference between
both compounds is the Ce(III) ion in compound 1 and the Pr(III) ion in compound 2. Even if both
ions are similar in size, we can see that a small change in the size of the Ln(III) ion plays a key role in
determining the shape and size of the cavities in the (6,3)-2D lattices in the compounds’ structures. Thus,
in compound 1, the larger Ce(III) ion gives rise to a distorted tri-capped trigonal prismatic geometry,
where the three coordinated DMF molecules are located in one of the triangular faces, leading to
corrugated hexagonal layers with regular hexagonal cavities with a chair conformation. In contrast,
the slightly smaller size of Pr(III) in compound 2 gives rise to a distorted mono-capped square
antiprism that leads to a different spatial orientation of the DMF molecules and the anilato bridges and,
accordingly, to a different cavity shape (rectangular instead of hexagonal, Figures 2b and 4b), with a
4E-2F orientation of the anilato bridges in the cavities of compound 2.

Structure of [Pr2(C6O4(CN)Cl)3(DMSO)6] (3). Compound 3 crystallizes in the monoclinic
P21/n space group (Table 5). The asymmetric unit contains one Pr(III) ion, one-and-a-half
chlorocyananilato ligands, and three coordinated DMSO molecules, giving rise to the general formula
[Pr2(C6O4(CN)Cl)3(DMSO)6]. As observed in compound 2, one anilato ligand has an inversion centre
in the centre of the anilato ring, generating a disorder between the Cl and CN groups. The other anilato
ligand does not contain any symmetry element, but it also shows a positional disorder of the Cl and
CN group.

The structure of compound 3 shows corrugated layers (Figure 6a), with a (6,3) topology similar to
those observed in compound 1, where each Pr(III) ion is connected to three other Pr(III) ions through
anilato ligands, forming six-membered rings. The two main differences between compound 3 and
compound 1 are: (i) in compound 3, the hexagonal rings are very distorted (Figure 6b), as shown by
the three very different Pr-Pr diagonal distances (11.03, 19.34 and 20.58 Å); and (ii) the oscillation of
two consecutive layers in compound 3 is parallel (valley to valley and peak to peak), precluding the
formation of square interlayer cavities. In compound 1, consecutive layers oscillate in opposite phases
(valley to peak and peak to valley, Figure 2a). The layers are also packed in an eclipsed way, generating
very distorted hexagonal channels along the a direction (Figure 7a).
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Figure 6. (a) Side view of the corrugated layers in compound 3. (b) View of the distorted hexagonal
cavities in compound 3, in the direction perpendicular to the layer. The Cl and CN groups of the
anilato ligands have been omitted, and only the O atom of the dimethylsolfoxide (DMSO) molecules is
displayed for clarity. Colour code: Pr = pink, C = grey, O = red, ODMSO = light blue.
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The Pr(III) ion is surrounded by three chelating anilato ligands and three oxygen atoms of three
DMSO molecules (Figure 7b), with a coordination geometry of a distorted tri-capped trigonal prism
(Figure 7c). The DMSO molecules occupy two positions of one triangular face and one position of
another face, whereas the three anilato ligands connect a triangular position with an equatorial one
(Figure 7c). This particular disposition of the coordinated DMSO molecules and the anilato ligands
is responsible for the spatial orientation of the anilato bridges, and for the large distortion of the
hexagonal cavity, which shows a 2E-4F disposition of the bridging anilato ligands (Figure 6b).

Compounds 2 and 3 have the same Pr(III) ion and chlorocyananilato ligand and only differ in the
solvent molecule used (DMF in compound 2 and DMSO in compound 3). Although the coordination
number is the same, the change from DMF to DMSO produces a change in the coordination geometry
(from distorted mono-capped square antiprism in compound 2 to distorted tri-capped triangular
prism in compound 3). This change has to be attributed to the larger steric effect produced by DMSO
compared to that produced by DMF. In the DMSO molecule, the two bulky methyl groups are closer
to the coordinating O atom than in DMF, since in DMSO the groups are separated by only a S atom,
whereas in DMF they are separated by a two-atoms chain (-C-N-). This shorter distance in DMSO
generates a larger solid angle, and therefore, a larger steric effect. The change in the coordination
geometry gives rise to a different orientation of the bridging anilato ligand, and, accordingly, to a
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different distortion of the cavities, and a different distortion of the orientation of these cavities in the
(6,3)-lattice: spike-like in compound 2 and brick-wall-like in compound 3 (Figures 4b and 6b).

Structure of [Yb2(C6O4(CN)Cl)3(DMSO)4]·2H2O (4). Compound 4 crystallizes in the triclinic
P-1 space group (Table 5). The asymmetric unit contains one Yb(III) ion, three-halves chlorocyananilato
ligands, two coordinated DMSO molecules and one crystallization water molecule, giving rise to the
general formula [Yb2(C6O4(CN)Cl)3(DMSO)4]·2H2O. The three anilato ligands have inversion centres
in the centre of the ring, generating a disorder between the Cl and CN groups.

The structure of compound 4 shows almost planar layers (Figure 8a), similar to those observed in
compound 2, but very different to the corrugated layers observed in compounds 1 and 3. The layers of
compound 4 have the same (6,3) topology, where each Yb(III) ion is connected to three other Yb(III) ions
through anilato ligands, forming six-membered rings. The hexagonal cavities are also very distorted
(Figure 8b), as shown by the three different Yb-Yb diagonal distances (12.21, 15.06, and 21.46 Å).
The layers are also packed in an eclipsed way, generating very distorted hexagonal channels along the
a direction (Figure 9a).Magnetochemistry 2018, 4, 6  10 of 20 
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In contrast to compounds 1–3 (where the coordination number was nine), in compound 4 the
coordination number of the Yb(III) ion is eight. The Yb(III) ion is surrounded by three chelating
anilato ligands and two oxygen atoms of two DMSO molecules (Figure 9b), with a coordination
geometry of a distorted triangular dodecahedron (Figure 9c). The DMSO molecules occupy two
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non-consecutive positions of the polyhedron. The reduced coordination number and the disposition of
the coordinated DMSO molecules gives rise to a particular spatial orientation of the anilato bridges,
and to a large distortion of the hexagonal cavity, which shows a 2E-4F disposition of the bridging
anilato ligands (Figure 8b).

If we compare compounds 3 and 4, we can see that both compounds have DMSO as solvent,
and only differ in the size of the Ln(III) cation. The smaller size of Yb(III) only allows the coordination
of two DMSO molecules in compound 4, in contrast to compound 3, which has three coordinated
DMSO molecules. This difference in the coordination number (nine in compound 3 vs. eight in
compound 4) leads to a change of the coordination geometry and of the distortions of the hexagonal
layers, while keeping the same (6,3) topology.

Structure of [H3O][Dy(C6O4(CN)Cl)2(H2O)]·4H2O (5). Compound 5 crystallizes in the
monoclinic P2/n space group (Table 5). The asymmetric unit contains half Dy(III) ion located on a
two-fold axis, two-halves chlorocyananilato ligands, half-coordinated H2O molecule located on a two
fold axis, two crystallization water molecules and half H3O+ cation, giving rise to the general formula
[H3O][Dy(C6O4(CN)Cl)2(H2O)]·4H2O. The two chlorocyananilato ligands have inversion centres in
the centre of the ring, generating a disorder between the Cl and CN groups.

The structure of compound 5 shows slightly corrugated layers (Figure 10a) parallel to the ac plane,
with a (4,4)-2D square topology, where each Dy(III) ion is connected to four other Dy(III) ions through
anilato ligands, forming four-membered rings (Figure 10b). These square cavities are quite regular
(Figure 10b), as shown by the two close Dy-Dy diagonal distances (11.92 and 12.23 Å) and the almost
orthogonal Dy-Dy-Dy angles inside the square (86.46◦ and 89.22◦). The layers are also packed in an
eclipsed way, generating square channels along the b direction (Figure 11a). The coordination water
molecules fill the large inter-layer space (Figure 10a).
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Figure 10. (a) Side view of the layers in compound 5. (b) View of the (4,4)-2D square lattice in
compound 5 along the b direction. Colour code: Dy = pink, Cl = green, C = grey, O = red, N = dark blue,
O (coordinated water) = light blue, O (crystallization water) = purple.
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The Dy(III) ion is surrounded by four chelating anilato ligands and a coordinated water molecule
(Figure 11b), with a coordination geometry of a regular mono-capped square antiprism (Figure 11c).
The water molecule occupies the capped position and the anilato ligands connect one position of the
upper square with one of the bottom one. This special disposition of the anilato ligands around the
Dy(III) ions generates the (4,4)-2D square lattice observed in compound 5.

Compound 5 is completely different from compounds 1–4, since it shows a (4,4)-2D square lattice,
in contrast to the (6,3)-2D lattice shown by compounds 1–4. This different connectivity of compound 5 is
due to the presence of four chlorocyananilato chelating ligands surrounding the Dy(III) ions and the
coordinated water molecule, instead of the three chelating anilato ligands and three water molecules
observed when Dy(III) is combined with other anilato-type ligands, such as C6O4X2

2− with X = H, Cl,
or Br [33]. This different behaviour of the anilato ligands with X = H, Cl, or Br and the chlorocyananilato
ligand (X = CN/Cl) may be due to the lower electron density in the aromatic ring (and in the
oxygen atoms) of the chlorocyananilato ligand, since the CN− group is a strong π-acceptor group that
withdraws electron density of the anilato ring. Since the oxygen atoms of the anilato ligands bear a
lower electron density, the Dy(III) ions require more anilato ligands to satisfy their electron deficiency.

Interestingly, there are only four compounds or series where a metal ion is surrounded by
four anilato ligands: (i) [Th(C6O4Cl2)2(H2O)2]·4H2O [31]; (ii) (H3O)[Y(C6O4Cl2)2]·8CH3OH [31]; (iii)
(NEt4)2[SnIVCaII(C6O4Cl2)4] and (NEt4)2[SnIVCaII(C6O4Cl2)4]·G, with G = (CS2)2, (CH3CN)2(H2O)0.5

or (CH3COCH3)2(H2O)2 [26]; and (iv) A4[Zr(C6O4X2)4]·G [42,43], with A/X/G = K/H/9H2O,
K/H/-, K/Cl/6H2O, (C3H10N3)2K2/H/4H2O, (CH6N3)4/Cl/5.85H2O, (CH6N3)4/H/1.5H2O,
and (C3H6N3)4/Cl/H2O. Among these compounds, only the Sn(IV)Ca(II) derivatives show a 2D
structure similar to the one observed in compound 5. All the other examples present diamond-like
structures (in the Th and Y derivatives) [31], or discrete [Zr(C6O4X2)4]4− units connected by the
different cations to generate porous 3D structures [42,43]. Compound 5 is, therefore, the first
anilato-based, 2D, square lattice containing a lanthanide ion as well as the first homometallic one.

2.3. Magnetic Properties

The magnetic properties of compounds 2–4 show the expected behaviours for isolated or
quasi-isolated Pr(III) (in compounds 2 and 3) or Yb(III) (in compound 4) ions. Thus, the product
of the magnetic susceptibility times the temperature (χmT) per formula (i.e., per two Ln(III) ions) is
ca. 3.15, 3.25, and 5.20 cm3 K mol−1 for compounds 2, 3 and 4, respectively, close to the expected values
for the corresponding isolated Ln(III) ions (3.20 cm3 K mol−1 with g = 4/5 for compounds 2 and 3,
or 5.14 cm3 K mol−1 with g = 8/7 for compound 4, Figure 12). When the samples are cooled, χmT shows
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a progressive decrease in the three compounds, reaching values of ca. 0.2, 0.2 and 2.8 cm3 K mol−1 at
2 K for 2–4, respectively.
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Figure 12. Thermal variation of the χmT product for compounds 2–4.

The observed χmT values at room temperature are close to those calculated for 3H4

(in compounds 2 and 3) or 2F7/2 ground multiplets (in compound 4) [44]. The decrease observed in the
three compounds can be attributed to the progressive depopulation of the higher energy Stark levels
that arise from the splitting of the 3H4 and 2F7/2 ground levels, due to the ligand field. This decrease
may also include a very weak antiferromagnetic Ln-Ln coupling through the chlorocyananilato bridge.

The observed behaviour indicates that compounds 2–4 are essentially paramagnetic and,
therefore, also indicates that the chlorocyananilato bridge gives rise to very weak (if any) magnetic
coupling, in agreement with the observed behaviour when the anilato-type ligands connect transition
metals [27,29,30] or Ln(III) ions [33,36,37].

2.4. Luminescent Properties

In compounds 2–4, the energy transfer is activated via the 2-chloro-5-cyano-3,
6-dihydroxybenzoquinone ligand. Therefore, the contribution of the ligand to the light emissions must
be taken into account, since, in certain situations, such emissions could be as intense as the lanthanide
contribution. In solution the luminescence of the chlorocyananilato ligand shows a broad emission
band centred at ca. 550 nm, with a full width at half-maximum (FWHM) of ca. 90 nm, corresponding to
a 3T→ 0S transition. This transition can be excited with light by direct population of the 1S state, using
short wavelengths (UV excitation) [39]. However, the optical properties of the chromophores may
vary after crystallization [37] and, therefore, the measurements in solution may not be representative
of our compounds. Accordingly, we have measured, as a reference, the chlorocyananilato ligand as its
potassium salt K2(C6O4(CN)Cl), in the same conditions as for the crystals of compounds 2–4. These
measurements show very similar spectra for the potassium salt and for compounds 2–4 when using
UV light (364 nm), see Figure 13. These spectra consist of a broad band centred at ca. 675 nm, with a
FWHM of about 120 nm. We can, therefore, point out a notable red shift and broadening of the band in
solid state, with respect to the emission found in solution [39].
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Figure 13. Emission spectra of the salt K2[C6O4(CN)Cl] in solid state under UV excitation (364 nm,
blue dots) and under visible excitation (488 nm, purple dots).

The emission spectra of compounds 2 and 4 were measured under UV (364 nm) and visible
excitation (488 nm), obtaining similar results. Exciting with UV light, we can identify two different
kinds of bands in both compounds, labelled in Figure 14a as PS and PL, respectively. The main
difference is the presence of a third peak at the near-infrared in compound 4, labelled as PYb. This peak
is the well-known signature of the Yb(III) ion, and it corresponds to the transition 2F5/2 → 2F7/2 [45].
Since 2F5/2 is the only excited state of the Yb(III), no more peaks can be ascribed to this ion. The peak
PS corresponded to the substrate background (SiO2), as we concluded by measuring in a clear area
without crystals. This peak avoids the distinction of the ligand emission that could be related to PL.
To shed light on this, we can compare peak PS with the results obtained under visible light excitation
(488 nm) in Figure 14b. In this figure, the spectra are normalized to the PL peak. This way, we see that
PS can not be observed when exciting with visible light. Moreover, we show that there is not a great
difference in the emission of both samples, except by PYb. The point is that the substrate is transparent
in the visible light, and then it does not show luminescence when excited at 488 nm. After removing the
contribution of the substrate, PL perfectly fits with the chlorocyananilato ligand salt emission in terms
of emission energy and broadening (see Figure 13). As a result, we can conclude that in compound 2
the luminescence comes from the ligand, without clear insights of the Pr(III) ion contribution.Magnetochemistry 2018, 4, 6  14 of 20 
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With these results, we can tentatively propose the energy transfer diagram depicted in Figure 15
to discuss about the sensitization mechanism. As proposed in this diagram, the dynamics for each
compound under UV and visible excitation are associated to the same energy transfer pathways.
The only difference is that the UV light (364 nm) excites the compound to the 1S level of the ligand.
At this point, an important part of this energy would be transferred to the 3T state. Under visible light
excitation (488 nm) the light absorption is considerable lower, and then higher excitation powers are



Magnetochemistry 2018, 4, 6 15 of 21

required. As an advantage, the 3T state is directly excited, leading to similar results, but avoiding the
substrate background. As occurs in solid-state systems, the excitation of 3T is quickly thermalized
at the bottom of the band. Since transitions from 3T→ 0S usually require long lifetimes, the energy
accumulated at the bottom of the band can be transferred to lower energy levels (i.e., the Ln(III) ions
can be sensitized). In the case of compound 4, this mechanism is clearly favoured by thermalization,
because 2F5/2 is located at an energy level slightly lower than that of the 3T band. Indeed, PL almost
overlaps with PYb in the emission spectra. In contrast, in the case of compound 2, a poor or negligible
sensitization is expected. The reasons are: (i) the most active optical transitions of Pr(III) ions arise from
3P0 which, as it is located at higher energy, is not exposed to sensitization and (ii) the closest energy level
(1D2) is located at the high-energy side of 3T and hence, the energy reaching 3T is quickly thermalized,
reducing sensitization probability [46]. It is also worth noting that even existing certain energy transfer
to 1D2, the oscillator strength of the transition 1D2 → 3H4 is very weak and, furthermore, it is in
competition with a parallel deactivation channel in the infra-red spectrum (1D2 → 3F4) (see Figure 15).

Magnetochemistry 2018, 4, 6  14 of 20 

 

 

Figure  14.  (a)  Emission  spectra  of  compounds  2  (in  blue)  and  4  (in  red).  Excited  at  488  nm 

wavelength,  the  spectra are normalized  to  the PL band.  (b) Emission  spectra  of  the  same  crystals 

excited at 364 nm. In this case normalization is referred to the maximum of the spectrum. 

With these results, we can tentatively propose the energy transfer diagram depicted in Figure 

15 to discuss about the sensitization mechanism. As proposed in this diagram, the dynamics for each 

compound under UV and visible excitation are associated to the same energy transfer pathways. The 

only difference is that the UV light (364 nm) excites the compound to the 1S level of the ligand. At 

this point, an important part of this energy would be transferred to the 3T state. Under visible light 

excitation (488 nm) the light absorption is considerable lower, and then higher excitation powers are 

required. As an advantage, the 3T state is directly excited, leading to similar results, but avoiding the 

substrate background. As occurs in solid‐state systems, the excitation of 3T is quickly thermalized at 

the bottom of  the band. Since  transitions  from 3T →  0S usually  require  long  lifetimes,  the energy 

accumulated at the bottom of the band can be transferred to lower energy levels (i.e., the Ln(III) ions 

can be sensitized). In the case of compound 4, this mechanism is clearly favoured by thermalization, 

because 2F5/2 is located at an energy level slightly lower than that of the 3T band. Indeed, PL almost 

overlaps with PYb in the emission spectra. In contrast, in the case of compound 2, a poor or negligible 

sensitization is expected. The reasons are: (i) the most active optical transitions of Pr(III) ions arise 

from 3P0 which, as it is located at higher energy, is not exposed to sensitization and (ii) the closest 

energy level (1D2) is located at the high‐energy side of 3T and hence, the energy reaching 3T is quickly 

thermalized, reducing sensitization probability [46]. It is also worth noting that even existing certain 

energy  transfer  to  1D2,  the  oscillator  strength  of  the  transition  1D2 →  3H4  is  very  weak  and, 

furthermore, it is in competition with a parallel deactivation channel in the infra‐red spectrum (1D2 

→ 3F4) (see Figure 15). 

 

Figure  15.  Diagram  for  the  main  pathways  available  for  energy  transfer  and  sensitization  in 

compounds 2 and 4. 
Figure 15. Diagram for the main pathways available for energy transfer and sensitization in
compounds 2 and 4.

Finally, compound 3 does not show any significant emission when excited at 488 nm, and the
luminescence signal is very weak when excited at 364 nm. Indeed, the luminescence emission coming
from this compound is comparable to the luminescence emission coming from the substrate, except for
a weak contribution appearing as a shoulder at ca. 680 nm that may correspond to the emission of the
ligand itself (Figure 16).
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3. Experimental Section

3.1. Starting Materials

The Ln(III) nitrates Ce(NO3)3·6H2O, Pr(NO3)3·6H2O and Dy(NO3)3·xH2O, as well
as all the solvents used in this work, are commercially available and were used as
received. The chlorocyananilato ligand in the form of K2[C6O4(CN)Cl], KH[C6O4(CN)Cl] or
[Ph4P]2[C6O4(CN)Cl]·2H2O was prepared following the literature [39].

3.2. Synthesis of [Ce2(C6O4Cl(CN))3(DMF)6]·2H2O (1)

Compound 1 was obtained as single crystals by carefully layering, at room temperature, a solution
of Ce(NO3)3·6H2O (8.68 mg, 0.02 mmol) in 5 mL of methanol, on top of a solution of KH[C6O4(CN)Cl]
(4.75 mg, 0.02 mmol) in 5 mL of dimethylformamide (DMF). The tube was sealed and allowed to stand
for about ten days to obtain red block crystals. Suitable crystals for X-ray diffraction were filtered
and air-dried.

3.3. Synthesis of [Pr2(C6O4(CN)Cl)3(DMF)6] (2)

Compound 2 was obtained as single crystals by carefully layering, at room temperature, a solution
of Pr(NO3)3·6H2O (4.35 mg, 0.01 mmol) in 2.5 mL of methanol, on top of a solution of K2[C6O4(CN)Cl]
(4.14 mg, 0.015 mmol) in 2.5 mL of DMF. The tube was sealed and left to stand at room temperature for
about two weeks to obtain red prismatic crystals. Suitable crystals for X-ray diffraction were filtered
and air dried.

3.4. Synthesis of [Pr2(C6O4(CN)Cl)3(DMSO)6] (3)

Compound 3 was obtained as single crystals by carefully layering, at room temperature, a solution
of Pr(NO3)3·6H2O (4.35 mg, 0.01 mmol) in 2.5 mL of methanol, on top of a solution of K2[C6O4(CN)Cl]
(4.14 mg, 0.015 mmol) in 2.5 mL of DMSO. The tube was sealed and left to stand at room temperature
for about ten days to obtain red prismatic crystals. Suitable crystals for X-ray diffraction were filtered
and air dried.

3.5. Synthesis of [Yb2(C6O4(CN)Cl)3(DMSO)4]·2H2O (4)

Compound 4 was obtained as single crystals by carefully layering, at room temperature, a solution
of Yb(NO3)3·5H2O (4.5 mg, 0.01 mmol) in 2.5 mL of methanol, on top of a solution of K2[C6O4(CN)Cl]
(4.14 mg, 0.015 mmol) in 2.5 mL of DMSO. The tube was sealed and left to stand at room temperature
for about ten days to obtain red prismatic crystals. Suitable crystals for X-ray diffraction were filtered
and air dried.

3.6. Synthesis of (H3O)[Dy(C6O4Cl(CN))2(H2O) ]·4H2O (5)

Compound 5 was obtained as single crystals by carefully layering, at room temperature, a solution
of [Ph4P]2[C6O4(CN)Cl]·2H2O (9.2 mg, 0.01 mmol) in 2.5 mL of methanol, on top of a solution of
Dy(NO3)3·xH2O (3.48 mg, ca. 0.01 mmol) in 2.5 mL of water. The tube was sealed and left to stand
at room temperature for about ten days to obtain pink plate-like crystals. Suitable crystals for X-ray
diffraction were filtered and air dried.

3.7. Magnetic 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 2–4 with a Quantum
Design MPMS-XL-5 SQUID susceptometer (San Diego, CA, USA). For compounds 1 and 5 only a
small amount of single crystals could be obtained, not enough to perform magnetic measurements.
The susceptibility data were corrected for the sample holders previously measured, using the same
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conditions and for the diamagnetic contributions of the salt as deduced by using Pascal’s constant
tables [47].

3.8. Luminesce Measurements

Isolated crystals were located in a SiO2 substrate. Then, luminescence measurements were
carried out, holding the substrate in a positioning stage with micrometer resolution and exciting the
sample with two Ar lasers, respectively operating at 488 nm (visible) and 364 nm (ultraviolet) in
continuous wave. Both lasers were aligned on the same optical path, so they could be consecutively
used at the same measuring point. The excitation was focused using a large focal length microscope
objective, driving to a spot size of few micrometers. A beam splitter was employed to collect
the luminescence using the same objective (back-scattering configuration). The collected light was
dispersed by a 1 m focal length spectrograph, and detected with a silicon detector. It is worth noting
that we have not found significant differences when comparing the emission from different crystals
of the same compound, only variations in the light intensity that we can attribute to the geometry
and orientation of a given crystal. Luminescence measurements of samples of compounds 1 and 5,
as well as of other compounds with this ligand and different Ln(III) ions, are in progress and will be
reported elsewhere.

3.9. Crystallographic Data Collection and Refinement

Suitable single crystals of compounds 1–5 were mounted on a glass fibre, using a viscous
hydrocarbon oil, and then transferred directly to the cold nitrogen stream for data collection. X-ray
data were collected at 120 K on a Supernova Agilent Technologies diffractometer equipped with a
graphite-monochromated Enhance (Mo) X-ray Source (λ = 0.71073 Å). The program CrysAlisPro,
Agilent Technologies Ltd., was used for unit cell determinations and data reduction. Empirical
absorption correction was performed using spherical harmonics, implemented in the SCALE3
ABSPACK scaling algorithm. Crystal structures were solved with direct methods with the SIR97
program [48], and refined against all F2 values with the SHELXL-2014 program [49], using the WinGX
graphical user interface [50]. All non-hydrogen atoms were refined anisotropically, and hydrogen
atoms were placed in calculated positions and refined isotropically with a riding model. Data collection
and refinement parameters are given in Table 5.

CCDC-1588403, 1529644, 1529642, 1529643 and 1588404 contain the supplementary
crystallographic data for compounds 1–5, respectively. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre at www.ccdc.cam.ac.uk/data_request/cif.

4. Conclusions

The combination of the Ln(III) ions Ce(III), Pr(III), Yb(III) and Dy(III) with the anilato-type
ligand chlorocyananilato, using different coordinating solvents as H2O, DMSO and DMF, has
resulted in the formation of five new compounds, formulated as [Ce2(C6O4(CN)Cl)3(DMF)6]·2H2O (1),
[Pr2(C6O4(CN)Cl)3(DMF)6] (2), [Pr2(C6O4(CN)Cl)3(DMSO)6] (3), [Yb2(C6O4(CN)Cl)3(DMSO)4]·2H2O (4)
and [H3O][Dy(C6O4(CN)Cl)2(H2O)]·4H2O (5). Compounds 1–4 show honeycomb (6,3)-2D lattices
with different distortions of the hexagonal cavities. In contrast, compound 5 shows a square (4,4)-2D
lattice only previously observed in one anilato-based compound.

These compounds show the important role played by the size of the Ln(III) ion, as well as the
size and shape of the coordinating solvent molecules, in determining the structure of the compounds.
For example, compounds 1 and 2, prepared with the same solvent (DMF) but with different metal
ions (Ce and Pr), show the important role of a small variation of the Ln(III) size: the larger Ce(III) ion
allows a coordination number of nine, with a distorted tri-capped trigonal prismatic geometry that led
to corrugated hexagonal layers with regular hexagonal cavities, whereas the slightly smaller Pr(III)
ion gives rise to a distorted mono-capped square antiprism coordination geometry that generates
rectangular cavities. The key role of the solvent is shown with compounds 2 and 3, which have the

www.ccdc.cam.ac.uk/data_request/cif
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same metal, Pr(III), and ligand, and only differ in the solvent molecule used (DMF in compound 2 and
DMSO in compound 3). Here, the coordination number was nine in both compounds, but the change
of DMF by DMSO produced a change in the coordination geometry (mono-capped square antiprism in
compound 2 and tri-capped triangular prism in compound 3). This change in geometry is attributed
to the larger steric effect produced by DMSO compared to that of DMF, giving rise to a different
orientation of the bridging anilato ligand and, accordingly, to a different distortion of the cavities
and of their orientation in the layer. A further confirmation of the role of the size of the Ln(III) ion
was provided by compounds 3 and 4, which were prepared with the same solvent (DMSO) but with
different metal ions, Pr (compound 3) and Yb (compound 4). The smaller Yb(III) ion has a coordination
number of eight, whereas the larger Pr(III) ion has a coordination number of nine. Although both
compounds also present the same (6,3)-2D topology, the change in the coordination number leads to
changes in the coordination geometry and in the distortions of the hexagonal cavities.

Compound 5, the only one prepared with water as solvent, is different to all the others, since the
Ln(III) ion is surrounded by four anilato ligands (instead of three). This different coordination
(and stoichiometry) generates a unique (4,4)-2D square lattice in compound 5, with water molecules
in the inter-layer space.

The magnetic properties of the compounds confirm the weak (if any) magnetic coupling produced
by the anilato type ligands when connecting Ln(III) ions, in agreement with all the previous studies of
anilato-bridged Ln(III) compounds.

The luminescent properties of the chlorocyananilato ligand and of compounds 2–4, show a
red shift and a broadening of the typical emission band of the ligand when combined with Ln(III).
Additionally, compound 4 shows a strong emission band at ca. 980 nm, corresponding to the Yb(III)
ions as expected from the proposed energy transfer diagram. Compound 3 showed only a weak band,
similar to the ligand emission.

The synthesis of the complete Ln(III) series with this ligand and different coordinating solvents
as formamide and dimethylacetamide, in addition to the already-used H2O, DMF, and DMSO is
under investigation.
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