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Abstract: A complete isostructural
series of dinuclear asymmetric lantha-
nide complexes has been synthesized
by using the ligand 6-[3-0x0-3-(2-hy-
droxyphenyl)propionyl]pyridine-2-car-

boxylic acid (H;L). All complexes have
the formula [Ln,(HL),(H,L)(NO;)(py)-
(H,0)] (Ln=La (1), Ce (2), Pr (3), Nd
(4), Sm (5), Eu (6), Gd (7), Tb (8), Dy
(9), Ho (10), Er (11), Tm (12), Yb (13),
Lu (14), Y (15); py=pyridine). Com-
plexes of La to Yb and Y have been
crystallographically characterized to
reveal that the two metal ions are en-
capsulated within two distinct coordi-

the coordination mode of an NO;~
ligand. This series offers a unique op-
portunity to study in detail the lantha-
nide contraction within complexes of
more than one metal. This analysis
shows that various representative pa-
rameters proportional to this contrac-
tion follow a quadratic decay as a func-
tion of the number #n of f electrons. Sla-
ter’s model for the atomic radii has
been used to extract, from these
decays, the shielding constant of 4f
electrons. The average of O--O distan-
ces within the coordination polyhedra
shared by both metals and of the

Ln--Ln separations follow also a quad-
ratic decay, therefore showing that
such dependence holds also for param-
eters that receive the contribution of
two lanthanide ions simultaneously.
The magnetic behavior has been stud-
ied for all nondiamagnetic complexes.
It reveals the effect of the spin-orbit
coupling and a weak antiferromagnetic
interaction between both metals. Pho-
toluminescent studies of all the com-
plexes in the series reveal a single
broad emission band in the visible
region, which is related to the coordi-
nated ligand. On the other hand, the

nation environments of differing size.
Whereas one site maintains the coordi-
nation number (nine) through the
whole series, the other one increases
from nine to ten owing to a change in

Introduction

The coordination chemistry of lanthanides is relevant to a
wide variety of fields of science and technology as a result
of the properties that arise from the peculiar electronic
structure of these metals. Among the most attractive phe-
nomena associated with 4f elements are these of photonic
nature.'*! These elements are also of interest for their mag-
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Nd, Er, and Yb complexes show fea-
tures in the near-IR region due to
metal-based transitions.

lantha-

netic properties,’! in many respects more relevant than 3d
metals'® in their potential role as part of molecular informa-
tion storage devices."* In contrast to the richness and plas-
ticity of their magnetic and optical properties, the metals of
the 4f period exhibit a more regular chemical behavior, in
part owing to the lack of strong consequences from small
differences in crystal-field effects. This has stimulated syn-
thetic chemists to face the challenge of constructing more or
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less comprehensive (quasi)isostructural series of complexes
that contain lanthanides. From the analysis of these series
emerges the conclusion that whenever differences in chemi-
cal reactivity occur, these mainly arise from the systematic
decrease in ionic radius that takes place when increasing the
atomic number throughout the series, a phenomenon that is
termed lanthanide contraction.!”! Very often, the result is a
decrease in coordination number (CN) as the ionic radius
shrinks (most frequently, the CN ranges from 7 to 10).1%17
Flexible bridging ligands often lead to polymeric arrange-
ments of lanthanides (1D, 2D, or 3D), with dramatic struc-
tural differences upon going from metal to metal as a result
of the slight changes in size.'?" In very few of the rather
complete series reported do all the complexes exhibit the
exact same molecular structure and space group. This occurs
almost exclusively with multidentate ligands that exhibit
enough flexibility to accommodate ions of different sizes
while encapsulating them within a fixed coordination envi-
ronment.”'? The seeming exception of the isostructural
series of nonacoordinated complexes [Ln(H,O),]-
(CF;S0,);®! was demonstrated by detailed solid and solu-
tion extended X-ray absorption fine structure (EXAFS) and
crystallographic studies to exhibit effective changes in coor-
dination number that result from varying partial occupancies
of some coordination sites.”! In the special cases that are
isostructural, it is possible to examine the consequences of
the lanthanide contraction throughout the series. An accu-
rate analysis of the Ln—O distances in one such family al-
lowed us to conclude that this contraction follows a quadrat-
ic decay as a function of the number of f electrons.?”! Such a
behavior was later shown" to follow from Slater’s model
for calculating atomic radii.”**! For series of complexes that
contain different types of O-donor atoms bound to the
metal, a smooth behavior is obtained if the ensemble of the
Ln—O distances is analyzed as a whole (e.g., by observing
the decay of the sum of Ln—O distances for each complex).
Other parameters directly affected by the contraction were
found to exhibit the same quadratic decay, such as the sum
of the O—O distances featured by the coordination polyhe-
dron (i.e., the sum of the lengths of the edges).” The litera-
ture contains some series of dinuclear complexes of lantha-
nides, which usually contain fewer members.’*** From the
point of view of the single-ion structure, such series should
not be much more informative than mononuclear ones, con-
sidering that in these complexes both metals are structurally
equal. It would be interesting to analyze individually and
collectively the effect of lanthanide contraction of systems
that contain more than one noncrystallographically equiva-
lent metal. We report here an extensive quasi-isostructural
series of dinuclear lanthanide complexes with formulae
[Lny(HL),(H,L)(NO;)(py)(H,O)]  (py=pyridine; Ln=La
(1), Ce (2), Pr (3), Nd (4), Sm (5), Eu (6), Gd (7), Tb (8),
Dy (9), Ho (10), Er (11), Tm (12), Yb (13), Y (15); H;L=6-
[3-0x0-3-(2-hydroxyphenyl)propionyl]|pyridine-2-carboxylic

acid) in which both metals from each molecule exhibit dis-
tinct coordination environments (see Figure 1). The ana-
logue of the complex containing Lu (14) has also been pre-

www.chemeurj.org

SR These are not the final page numbers!

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Dt Europe

HOsite1  / ONO,
oS iy
OH 0 o | o

X2

Figure 1. Schematic representation of the structure of complexes
[Ln,(HL),(H,L)(NO3)(py)(H,O)] (1 to 15), emphasizing the difference
between coordinating sites 1 (CN=9) and 2 (CN=9 if NO;" is monoden-
tate or 10 if it is bidentate).

pared, although its structure is not available. In these com-
pounds, one of the sites maintains the same nine-coordinate
environment throughout the series, whereas the other site
features a transition from CN=10 for the larger metals to
CN =9 for the smaller ions, facilitated by a transition from
chelating to monodentate of a nitrate ligand. This series pro-
vides a unique opportunity to investigate the structural con-
traction of lanthanides on molecules that simultaneously
feature both situations, that is, conservation and variation of
CN throughout the series. Such analysis is presented in this
paper together with a brief description of magnetic and opti-
cal properties.

Results and Discussion

Synthesis: The ligand H;L was obtained by the Claisen con-
densation of 2-hydroxyacetophenone and the asymmetric
species 6-(methoxycarbonyl)pyridine-2-carboxylic acid, as
previously reported.’*! This ligand was previously used in
our group for the synthesis of asymmetric dinuclear com-
plexes with the metals from the central segment of the lan-
thanide series [Gd,(HL),(H,L)Cl(py)(H,0)] (16),
[Tb,(HL),(H,L)Cl(py),] ~ (17), and  [Eu,(HL),(H,L)-
(NO3)(py)(H,O)] (6a) with almost identical structure (see
below). Asymmetric dinuclear complexes of 4f metals are
extremely less frequent than symmetric ones. These species
have been proposed as possible realizations of molecular-
spin-based quantum gates,® and in fact, complex 17 was
shown to fulfill many of the basic requirements.* The struc-
tural consistency in this peculiar reaction system appeared
as a good opportunity to generate an analogous sequence
for a systematic study on the lanthanide series. This structur-
al type is of interest because it contains metals in two dis-
tinct coordination environments, one that appears to accom-
modate larger metals than the other (Figure1 and see
below). Thus, one outstanding question was whether or not
the scaffold formed by the various ligands of this molecular
arrangement would be capable of encapsulating any of the
4f homometallic pairs, independently of their varying sizes.
For this purpose, NO;~ was chosen as the participant coun-
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terion. Thus, the stoichiometric amounts of H;L and the cor-
responding Ln(NO;); salt were stirred in pyridine and the
resulting solutions yielded, upon diffusion of diethyl ether
or toluene, crystals of the pertinent [Ln,(HL),(H,L)-
(NO;)(py)(H,0)] complex (Ln=Ce (2), Pr (3), Nd (4), Sm
(5), Eu (6), Gd (7), Tb (8), Dy (9), Ho (10), Er (11), Tm
(12), Y (15)). The identity of all the molecules was establish-
ed by single-crystal X-ray diffraction (see below), and their
composition was consistent with results from microanalysis,
mass spectrometry, and bulk magnetization measurements.
All complexes exhibited virtually the same IR spectrum (see
the Supporting Information and Figure S1 therein). All at-
tempts to obtain crystals of the analogues with La (1), Yb
(13), and Lu (14) by using the above reaction failed. Howev-
er, yellow crystals of [La,(HL),(H,L)(NO;)(py)(H,O)] (1)
and [Yb,(HL),(H,L)(NO;)(py)(H,0)] (13) were isolated
when one and three equivalents, respectively, of HNO; was
added to the reaction. Since these complexes feature two
different deprotonated forms of H;L (depending on whether
or not the carboxylic moiety maintains the proton), it was
thought that the presence of a small amount of nitric acid

FULL PAPER

could affect the formation or crystallization of the com-
plexes, given that these processes coexist with a series of
acid-base equilibria. This did not, however, allow us to
obtain 15 in crystalline form. Nevertheless, evidence for the
identity of the latter complex, as prepared in the conven-
tional manner, was obtained from elemental analysis, IR,
and mass spectrometry.

Description of the structures: Complexes 1 to 13 and 15
crystallize in the monoclinic space group P2,/c. All com-
pounds exhibit an [Ln,] molecule in the asymmetric unit in
addition to five molecules of pyridine (four in the case of
[Y,], 15). The compounds differ in the nature of an almost
always present additional solvent molecule (or fraction of it)
per asymmetric unit, which in most cases is pyridine, but can
also be H,0 or Et,0 (see Table 1 and cif files, available
from the Cambridge Crystallographic Data Centre; see Ex-
perimental Section). All compounds exhibit four asymmetric
units in the unit cell and display similar cell parameters
(Table 1). Compounds 1 to 13 and 15 are divided into two
groups, depending on the coordination mode of the terminal

Table 1. Crystal data and structure refinement for compounds 1-13 and 15.1%!

1-5py 2-6py 3-6py 4-6py 5-5py-H,O 6-5py-H,O 7-5py
T [K] 100 100 100 100 150 100 150
formula CrsHgLa,N;gOy9 CgoHesCe,N Oy CgoHesN11 O19P1, CgoHgsN11Nd, Oy CrsHeN(O2Sm, CrsHgEu,N Oy CrsHgGdoNOy9
M, 1683.15 1764.67 1766.25 1772.91 1724.05 1727.27 1719.83
A [A] 0.71073 0.7749 0.7749 0.71073 0.7749 0.7749 0.71073
a [A] 14.9646(7) 14.867(2) 14.907(3) 14.514(1) 14.894(5) 14.813(3) 14.2665(11)
b [A] 15.6293(7) 15.560(2) 15.574(3) 15.772(1) 15.586(5) 15.637(4) 15.4250(8)
c [A] 33.8889(14) 34.323(3) 34.009(6) 35.797(3) 32.554(8) 32.594(6) 35.006(3)
B°] 110.799(2) 110.830(4) 111.316(8) 113.692(4) 111.183(11) 110.806(8) 109.791(7)
|4 [A3] 7409.6(6) 7421.0(15) 7355(2) 7503.8(9) 7046(4) 7057(3) 7248.4(9)
o [gem™?] 1.509 1.579 1.595 1.569 1.625 1.626 1.576
reflns 15134 18408 22491 16524 11763 19770 12317
params 1010 1077 1063 955 964 970 985
restraints 302 234 454 242 272 182 430
Riy 0.0832 0.0586 0.0479 0.0687 0.0561 0.0508 0.1501
R 0.0518 0.0605 0.0536 0.0657 0.0907 0.0729 0.1172
WwR,Y 0.1295 0.1480 0.1364 0.1607 0.2535 0.1642 0.2290
N 1.029 1.134 1.160 1.079 1.216 1.257 1.172
8-5py 9-5py 10-5py 11-5py 12-5py-Et,O0 13-6 py 15-4py
T [K] 100 150 150 100 150 100 100
formula CrsHgoN10O49Tb, C5sHgDyaN1Oyo CsHeHo,N;0Oy9 CrsHgErNOy9 CroH7N 10O Tm, CgoHgsN11019YD, CrHssNgO 1Y,
M, 1723.17 1730.33 1735.19 1739.85 1817.31 1830.51 1504.05
A [A] 0.7749 0.71073 0.71073 0.7749 0.71073 0.71073 0.7749
a [A] 14.255(4) 14.3307(10) 14.3450(5) 14.123(2) 14.3231(2) 14.1022(8) 14.108(7)
b [A] 15.513(4) 15.6882(7) 15.6609(3) 15.400(2) 15.6838(2) 15.3860(8) 15.367(8)
c [A] 34.078(8) 35.637(2) 35.6109(9) 34.488(3) 35.5024(7) 35.172(2) 34.70(2)
A I°] 110.416(10) 110.910(5) 110.211(2) 110.659(4) 109.857(2) 110.131(4) 110.79(2)
|4 [A3] 7063(3) 7484.4(7) 7507.6(4) 7018.6(15) 7501.1(2) 7165.3(7) 7033(6)
o [gem™?] 1.621 1.536 1.535 1.647 1.609 1.697 1.420
reflns 9440 10619 10634 17299 15325 14547 5953
params 974 955 937 964 1006 1009 901
restraints 359 437 169 116 229 162 561
Riy 0.0949 0.1656 0.0955 0.0524 0.1090 0.0907 0.1410
R 0.0912 0.0819 0.0453 0.0608 0.0540 0.0767 0.1376
wR, 0.2059 0.1646 0.0938 0.1472 0.1135 0.2076 0.3382
N 1.090 0.960 0.902 1.067 0.982 1.058 1.086

[a] The structure of compound 6a has been reported previously.*® [b] For all compounds, the crystal system is monoclinic, the space group is P2,/c, and
Z=4. [c] R, =ZIF,—IF/ZIF, for I>20(I). [d] wR, = {S[w(F2—F>*)/Z[w(F2)*]}** for all data.
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nitrate ligand of the [Ln,(HL),(H,L)(NO;)(py)(H,0)] mole-
cule. For the group of lighter metals (from La to Eu (here-
after referred to as “group I”), 1 to 6), the ligand NO;™ is di-
dentate and chelating, whereas for the rest of metals (in-
cluding Y and presumably Lu (hereafter referred to as
“group II”), 7 to 13, 15, and most likely 14), this donor acts
in a monodentate fashion. Figure 2 shows one representative
molecule for each of both types, and selected structural pa-

Figure 2. Povray molecular structure of [Eu,(HL),(H,L)(NO;)(py)(H,0)]
(6, top) and [Ho,(HL),(H,L)(NOs)(py)(H,0)] (9, bottom), representing
complexes of groups I and II, respectively (see text). Only crystallograph-
ically found hydrogen atoms on O carriers are represented.

rameters are listed in Table S1 in the Supporting Informa-
tion. The complex [Ln,(HL),(H,L)(NO;)(py)(H,O)] in all
compounds is a chiral species, which is accompanied by its
enantiomeric counterpart in the unit cell as generated by
symmetry. This molecule comprises two Ln™ metals linked
by three H;L ligands in different degrees of deprotonation,
one as H,L~ and two as HL*". Thus each of these ligands
loses one proton from the -diketone group upon coordina-
tion, whereas the carboxylic H* is also absent from two of
them. The —COOH proton that remains in the H,L™ moiety
was either determined crystallographically or inferred from
the establishment of hydrogen bonds with either one or two
lattice pyridine molecules. Each deprotonated ligand che-
lates both metals through its dipicolinate-like and (-diketo-
nate pockets, respectively, and bridges them with the O
atom that is common to both chelating moieties (Figure 1).
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The asymmetry of H;L causes both metals to be accommo-
dated in completely different coordination environments.
One of the sites (site 1) comprises one dipicolinate “ONO”
pocket and two B-diketonate “OO” units, in addition to one
molecule of pyridine and one of H,O, which complete a co-
ordination environment with CN=9. The protons of the
latter ligand were found to form hydrogen bonds with lattice
pyridine molecules. The other location (site 2) is formed by
two of the “ONO” units and one of the “O0O” pockets,
whereas a didentate (group I) or monodentate (group II)
NO;™ ligand completes nona- or decacoordination, respec-
tively (Figure 2). The decrease in the coordination number
as a result of the lanthanide contraction when no restrictions
prevent it is an established fact.">'*¥! In the current series,
the transition occurs between the elements Eu and Gd.
However, the metals that mark the limits between groups
vary from system to system. It must also be emphasized that
our previously reported® polymorph of [Eu,(HL),(H,L)-
(NO3)(py)(H,0)] (6a) exhibits monodentate NO;~, contrary
to what has been observed from the structure of the com-
plex reported here, 6, in which NO;~ is 0% This means that
for this metal, both forms, 6 and 6a, are very similar in sta-
bility. This sort of “bistability” near the transition between
two structural types has been observed already for other Ln
series.”” The heterogeneity of the ligand set in this family
causes the irregularity of the coordination polyhedra around
the metals. Continuous shape measures (CShMs)P**! have
been performed to elucidate the closest ideal figures ap-
proximated by these polyhedra (see Figure S2 and Tables S2
and S3 in the Supporting Information for a complete set of
distances to several model geometries). For site 1, the geom-
etries have been found to approximate to either a spherical
capped antiprism (C,, symmetry; compounds 1 to 8, 11, 13,
and 15) or a spherical tricapped trigonal prism (D5, symme-
try; compounds 9, 10, and 12). Site 2 is more irregular in
nature since the distances of the coordination figures of this
site to any ideal polyhedron are always more than four
times larger than any of the best values observed for site 1.
Thus, for compounds of group I (decacoordinate), the clos-
est symmetry to site 2 is always C,,, with a preferred spheno-
corona geometry for complexes 2 to 4, and that of a tetrade-
cahedron for 1, 5, and 6. Site 2 of group II (nonacoordinate,
compounds 7 to 13 and 15) exhibits a closest resemblance to
the ideal figure that is termed “muffin”.

Analysis of the lanthanide contraction: Table 2 lists all Ln—
X (X=0, N) bond lengths for complexes 1 to 13 and 15. It
can be seen that these distances follow the trend dictated by
the lanthanide contraction, that is, with increasing atomic
number Z, they decrease, as do the ionic radii of the metals.
From previous reports,?’! it was shown by analyzing the
decay of bond lengths that this contraction follows a quad-
ratic decay as a function of the number n of f electrons.
Later on,” the polynomial dependence of the lanthanide
contraction was associated with the model of Slater that
states that the atomic or ionic radii corresponds to the maxi-
mum of the radial part, r,,, of the outermost orbital of the

Chem. Eur. J. 0000, 00, 0-0
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Table 2. Ln—X bond lengths and Ln--Ln separations [A] for compounds 1-13 and 15.

La (1) Ce (2) Pr (3) Nd (4) Sm (5) Eu (6) Gd (7)
di -0z (0) 2.493(3) 2.467(4) 2.445(3) 2.420(5) 2.422(10) 2.406(5) 2.375(11)
dini-04 (0) 2.524(3) 2.513(4) 2.486(3) 2.483(4) 2.466(9) 2.447(5) 2.458(11)
dini-0s (0) 2.541(3) 2.511(3) 2.482(3) 2.469(4) 2.408(9) 2.409(5) 2.416(10)
dini-00 (0) 2.457(3) 2.444(3) 2.419(3) 2.405(4) 2.361(10) 2.352(5) 2.339(11)
dini-on (0) 2.455(3) 2.428(4) 2.412(3) 2.407(4) 2.388(10) 2.383(5) 2.372(12)
dini-o13 (0) 2.532(3) 2.520(3) 2.492(3) 2.488(4) 2.439(9) 2.430(4) 2.465(9)
dini-o1 (0) 2.579(3) 2.548(4) 2.545(3) 2.487(5) 2.478(11) 2.453(5) 2.444(12)
dini—nz (0) 2.599(4) 2.581(4) 2.557(4) 2.534(5) 2.500(12) 2.500(6) 2.483(13)
dpni—ns (0) 2.786(4) 2.767(5) 2.737(4) 2.741(6) 2.720(14) 2.699(7) 2.700(14)
di o1 (0) 2.463(3) 2.438(4) 2.416(3) 2.419(5) 2.403(10) 2.390(5) 2.361(11)
di -0z (0) 2.577(3) 2.548(3) 2.534(3) 2.546(4) 2.468(9) 2.473(4) 2.437(9)
di 06 (0) 2.485(3) 2.461(4) 2.440(3) 2.435(4) 2.397(9) 2.391(5) 2.393(10)
di 03 (0) 2.693(3) 2.694(4) 2.671(3) 2.661(4) 2.651(9) 2.637(5) 2.631(10)
di o3 (0) 2.547(3) 2.517(4) 2.499(3) 2.486(4) 2.437(9) 2.430(5) 2.384(10)
dimo-o14 (0) 2.503(3) 2.483(4) 2.470(3) 2.427(4) 2.454(9) 2.431(5) 2.373(10)
dy yo-016 (0) 2.628(4) 2.588(5) 2.581(3) 2.544(5) 2.542(10) 2.519(6) 2.424(12)
d yo-017 (0) 2.767(4) 2.869(5) 2.771(4) 2.933(8) 2.674(11) 2.687(6) -
di i (0) 2.674(4) 2.635(5) 2.630(4) 2.595(6) 2.604(13) 2.581(6) 2.538(13)
di oo (0) 2.739(4) 2.736(4) 2.714(3) 2.691(5) 2.656(12) 2.664(6) 2.619(12)
di -1z (0) 3.9590(4) 3.9286(5) 3.8941(6) 3.8814(5) 3.8197(13) 3.8173(8) 3.8038(11)

Tb (8) Dy (9) Ho (10) Er (11) Tm (12) Yb (13) Y (15)
di -0z (0) 2.374(12) 2.311(11) 2.319(5) 2.339(5) 2.295(5) 2.311(8) 2.269(17)
dini-04 (0) 2.445(11) 2.435(8) 2.407(5) 2.415(5) 2.386(4) 2.400(7) 2.402(15)
dini-os (0) 2.383(11) 2.378(8) 2.369(5) 2.358(4) 2.349(4) 2.351(7) 2.346(14)
dini-00 (0) 2.336(11) 2.323(9) 2.304(6) 2.290(5) 2.296(4) 2.273(8) 2.282(14)
dini-on (0) 2.355(12) 2.315(10) 2.328(5) 2.324(5) 2.307(5) 2.305(8) 2.329(15)
dini-on3 (0) 2.463(9) 2.455(7) 2.431(4) 2.394(4) 2.414(4) 2.401(7) 2.433(13)
dy ni—o10 (0) 2.416(12) 2.424(10) 2.394(6) 2.381(5) 2.371(5) 2.357(8) 2.383(16)
dini-nz (0) 2.482(13) 2.466(10) 2.447(6) 2.437(6) 2.423(5) 2.419(8) 2.434(18)
dini—ns (0) 2.648(16) 2.682(15) 2.665(7) 2.670(7) 2.664(6) 2.666(11) 2.680(20)
di o1 (0) 2.375(11) 2.358(9) 2.348(5) 2.339(4) 2.344(5) 2.328(7) 2.313(14)
di -0z (0) 2.459(10) 2.471(8) 2.451(5) 2.418(4) 2.450(4) 2.399(7) 2.441(14)
dy 1o-06 (0) 2.367(10) 2.359(9) 2.354(5) 2.339(4) 2.342(4) 2.327(7) 2.317(14)
di 03 (0) 2.630(10) 2.570(9) 2.562(5) 2.603(4) 2.545(4) 2.600(7) 2.618(13)
di yo-013 (0) 2.359(10) 2.374(9) 2.365(5) 2.331(5) 2.352(4) 2.304(7) 2.291(15)
di wr-014 (0) 2.371(10) 2.340(9) 2.337(5) 2.333(5) 2.323(5) 2.308(7) 2.292(14)
dy wo-016 (0) 2.399(12) 2.396(11) 2.375(5) 2.380(5) 2.359(5) 2.362(8) 2.392(16)
din-017 (0) - - - - - - -
di o1 (0) 2.492(14) 2.480(12) 2.474(7) 2.483(6) 2.467(6) 2.440(10) 2.460(20)
di oo (0) 2.610(13) 2.591(11) 2.581(7) 2.590(5) 2.562(5) 2.554(10) 2.568(18)
di 1oL (0) 3.7854(13) 3.7709(9) 3.7570(5) 3.7405(5) 3.7354(4) 3.7245(7) 3.741(4)

corresponding atom or ion. Within this model, the shielding
by inner electrons of the nuclear charge experienced by the
electrons of the outermost orbital is treated empirically by
the use of a screening constant s, which directly affects 7,
of each Ln"™ ion. In particular, the influence of adding 4f
electrons, known to be the cause of the contraction for their
poor screening ability, gives a polynomial expression of r,,,
as a function of n.”*¥! This translates into the quadratic
decay of bond lengths with n. The contraction, however,
might affect some bond types differently than others, de-
pending on the constraints imposed by multidentate ligands.
Therefore, some authors have studied the decay by consider-
ing the combined effect on the totality of bonds (d i, x))-**
For the sum §,,, of distances of an ensemble of m bonds, Sla-
ter’s model for the lanthanide contraction yields the rela-
tionship [Eq. (1)] in which §,,;, is the sum of the atomic radii
of the m donor atoms considered (assumed to be constant),
ry and Zy* are the ionic radius and effective nuclear charge
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(for 5p electrons) of La™, respectively, and k is the screen-
ing constant for one 4f electron.

Su(n)= S, +mry + [mro(1=k)/ Zy*n + [mro(1-k)* | (Z,*)*]n*
=a+ bn+cn®

1)

When dealing with the Ln—X distances in the series re-
ported here, we considered that the metal size reduction
would have a concerted effect on the overall distance of the
(H;_,L)™ ligands to the metals. Thus, for each of the two
metals of the dinuclear complex (Lnl and Ln2), the ensem-
ble of Ln—O distances that involves only these ligands was
considered as a whole, excluding the Ln—N bonds for a
more homogeneous treatment. Figure 3 shows the variation
with n of the sums %,,d(Ln1—0) and X, ,d(Ln2—0) (m=6 at
both sites) for complexes 1 to 13. The data could be fit satis-

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

G. Aromi et al.

A EUROPEAN JOURNAL

15.4 E
15.2
15.0
14.8
14.6
14.4

SLn-O (A)

14.2

14.0

13-8'1 1 Il I 1 I I Il 1 1 I 1 I i

0123 456 7 8 910111213
no. f electrons, n

Figure 3. Graph of Z,d;, o, versus the number of 4f electrons, n, for
sites 1 (circles) and 2 (squares) of complexes 1 to 13, with m=6 (corre-
sponding to the O atoms of the HL>~ or H,L~ ligands). The solid lines
are best weighted fits to the quadratic function =(n)=a+bn +cn’. Best-fit
parameters (in the 1/2 format): a=14.99(1)/15.26(1), b=-0.114(8)/
—0.106(8), and ¢ =0.0032(6)/0.0024(6) with R*=0.9946/0.9951.

factorily to a polynomial equation of second order (see the
legend of Figure 3 for best-fit coefficients) by employing a
weighted regression with a weighting factor of 672 From the
parameters obtained it is possible to calculate the screening
constant k, extracted as k=1+Z;*c/b from Equation (1),
which for Zy*=15.421 is found to be equal to 0.57 and 0.65
for Lnl and Ln2, respectively. These numbers are close to
the commonly accepted value of k=0.69 and to the previ-
ously determined number for another series of Ln com-
plexes (k=0.64).2Y The difference in the value of the 4f-
electron screening constant obtained for metals in site 1 and
site 2 could point, experimentally, to a potential crystal-field
effect on the capacity of these electrons to shield the nuclear
charge. Another remarkable feature unveiled by this analy-
sis is that one site exhibits systematically a larger X,dq, o)
sum than the other (for m=6 in both cases), whereas the
gap is maintained practically constant throughout the series.
This difference in “cavity size” between both sites is un-
doubtedly the result of the structural constraints imposed by
the disposition of ligands within the assembly. Such a “geo-
metric component” imparted by the scaffold of the ligands
has an impact on the intercept of the S(n) curves, a. Parame-
ters b and c should almost exclusively be determined by the
factors predicted in Slater’s model, as suggested by the fact
that they vary little from site 1 to site 2.

The Ln—X distances that involve the H,O and pyridine li-
gands in site 1 were also analyzed independently (Figure S3
in the Supporting Information) and produced worse polyno-
mial fits, which is consistent with the proposed fact® that
individual bonds might exhibit a more irregular behavior.
Another way to evaluate the effect of the contraction is by
examining parameters that directly affect the volume of the
coordination polyhedron. It was shown previously that the
sum of the XX distances (Z.dx..x)) that corresponds to the
edges of this polyhedron in mononuclear complexes also ex-
hibits a quadratic decay with n.?* In the series 1 to 13, the
d(o..0y distances for the atoms shared by the coordination
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Figure 4. Graphs of Ln--Ln distances and average of various O--O dis-
tances (gray in inset) versus the number of 4f electrons (1) for complexes
1 to 13. The solid lines are best fits (weighted for the Ln--Ln distances)
to quadratic functions F(n)=a+bn+cn?, demonstrating that these pa-
rameters follow quadratic decays with n. Best-fit parameters: a=
3.9568(3), b=-0.0285(1), and ¢=0.00083(1) with R’=0.9978; a=
2.809(4), b=—0.023(1), and ¢=0.00050(1) with R*=0.9939, for d,.i.
and average do..0), respectively).

polyhedra of both sites (O3, O8, O13) were analyzed jointly
(Figure 4), which also resulted in a quadratic decay. Such
observation is the first manifestation of the lanthanide con-
traction on parameters affected by two lanthanide atoms si-
multaneously. This could also be probed by plotting the de-
pendence of the Ln--Ln distances on n (Figure 4), which ex-
hibits the same behavior.

Electrospray mass spectrometry (ESI-MS): Electrospray
mass spectrograms were recorded for compounds 1 to 15.
They showed several important peaks that correspond to
various ligand fragments, whereas weaker signals could be
identified that arose from the complexes. The experiments
were performed in methanol, in which the system was
shown to persist for the time necessary to collect the data
(see below). The poor intensity of the latter species versus
the fragments of the ligands is not surprising, since unsatu-
rated lanthanide complexes are known to possess weak ESI-
MS responses that result from the difficulty of solvated spe-
cies to transfer to the gas phase.””! The ionization of the
clusters was achieved after losing the pyridine and H,O li-
gands and the NO;~ group, thus leading to general formulae
[Lny,(HL),(H,L)]*. The mass spectrometric study also
showed the addition of a second proton atom onto that spe-
cies, thus leading to [Ln,(HL)(H,L),]**, or the addition of a
sodium ion that substituted a proton, most likely from the
H,L~ moiety, which led to [Lny(HL);]+Na*. Experimental
isotope patterns for these species are shown in Figures S4—
S18 in the Supporting Information for all complexes report-
ed, thereby confirming the formulation of each system. A
representative example of the signal given by these two dis-
tinctive fragments is shown in Figure 5 for the case of
[Er,(HL),(H,L)(NO;)(py)(H,O)] (11), along with the simu-
lated diagrams. Especially important is the case of com-
pound 14 (Lu), for which no crystal data could be obtained.
The existence of the characteristic molecular peaks for this
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Figure 5. Selected fragments of the mass spectrogram (red lines) of
[Er,(HL),(H,L)(NO;)(py)(H,0)] (11) as a representative example of the
complex series in this work. The simulated signals (black lines) are also
represented to show the isotopic distribution. Top: fragment [Ln,(HL),-
(H,L)]*. Bottom: fragment [Ln,(HL)(H,L),]**.

complex in the mass spectrometry confirms its successful
synthesis, as also shown by infrared spectroscopy and ele-
mental analysis.

Magnetic properties: The large unquenched orbital moment
of lanthanide ions converts them into an exquisite tool in
molecular magnetism. Recent years have garnered increased
interest as a result of the attractive behavior of many Ln™
complexes as single-molecule magnets (SMMs), as they ex-
hibit magnetic hysteresis at relatively high temperatures and
also high anisotropy barriers.""**"! The electronic ground
state of 4f" ions are determined by electron—electron repul-
sion and the spin—orbit coupling, usually stronger than the
interaction with the crystal field. The latter interaction re-
moves the (27+1)-fold degeneracy of each multiplet associ-
ated with a total angular momentum J, thus leading to a
manifold of substates known as Stark levels and to a net
magnetic anisotropy. At room temperature, all Stark levels
of the ground-state multiplet are usually populated. Howev-
er, as temperature decreases, the excited sublevels start de-
populating, thus leading to a variation of the y\T versus T
curve. In a Ln"™ dinuclear compound, the magnetic response
depends not only on this effect but also on the magnetic ex-
change between both ions. This magnetic exchange is almost
always weak, and is thus masked by the depopulation of the
Stark levels. However, the case of Gd™ is special, since this
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lanthanoid has no orbital momentum (L =0), and thus it dis-
plays spin-only magnetism that results from a S, state, and
a very weak magnetic anisotropy. In our previous work,""
the lack of orbital momentum in the related [Gd,] complex
16 was used to demonstrate the presence of weak antiferro-
magnetic coupling. Very low-temperature measurements
showed also the existence of a finite exchange coupling of
comparable magnitude in the complex [Tb,(HL),-
(FLL)CI(py),] (17).

In the present work, the magnetic behavior of all nondia-
magnetic complexes prepared was investigated through vari-
able-temperature bulk magnetization measurements per-
formed on powdered microcrystalline samples. Figure 6

30
25l J—=—2.1Ce]]
o3, [Pr]
< 20 4—°—4,INd}]
7 ) —a—5,[Sm,]
2 15| peto —v—6, [Eu,]
e —0—17,[Gd,]
f 10 8,[Tb)]
3 o9, [Dy,]
st —o—10, [Ho,]
<11, [Er]
ol > 12, [Tm,]
T T a—13,[Yb,]
10 100
T(K)

Figure 6. Curves of yy7T versus T for compounds 2 to 13, yy being the
molar paramagnetic susceptibility per [Ln,] unit. The full red line repre-
sents the best fit of the experimental data for 7 (see text for details).

shows the temperature dependence of y\7, yu being the
molar paramagnetic susceptibility. Experimental y,T values
measured at 300 K, as well as the calculated ones consider-
ing two isolated Ln' ions in the ®*VL, ground state, are
also listed in Table 3. The majority of the measured values
at 300 K agree well with those expected at this temperature
for two uncoupled metals with all the Stark levels quasi-
equally populated. However, complexes 5 (Sm) and 6 (Eu)
deviate significantly from this behavior, which confirms the

Table 3. Experimental y, 7T values for complexes 2-13 at 7=300 K and
the calculated values corresponding to two isolated Ln™ ions in the
@5+DL,; ground state.

@5+, g smT (caled)® auT (exptl)!
Ce (2) °F,, 6/7 1.60 1.88
Pr (3) *H, 45 3.20 4.07
Nd (4) 1, /11 3.28 3.55
Sm (5) “H, 207 0.18 117
Eu (6) F, - 0 3.45
Gd (7) 5, 2 15.76 16.80
Tb (8) 7F6 3/2 23.64 24.11
Dy (9) “H,s 43 28.34 2822
Ho (10) I, 5/4 28.14 27.99
Er (11) Do 6/5 22.96 274
Tm (12) 3H6 7/6 14.30 12.72
Yb (13) °F,, 817 5.14 5.97

[a] In cm*K ' mol .
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influence of low-lying excited multiplets in these metals.*!

The dependence of the yy7T product on temperature pro-
vides information on the crystal field and exchange interac-
tions present in each complex. As argued above, complex 7,
with Gd, represents an especially simple situation, free from
the contributions of the spin—orbit and crystal-field interac-
tions. In this case, yy T shows a stable value from room tem-
perature down to 40 K. Below this temperature, it gradually
decreases, ultimately reaching a value of 15.28 cm®*Kmol™
at 2 K. Since no anisotropic effects can be invoked, this de-
cline can only be ascribed to the presence of weak antiferro-
magnetic interactions between the two Gd™ ions. As men-
tioned above, an analogous response was found previously
for complex 16.*4 The y,T versus T curve was modeled
using an isotropic spin Hamiltonian (H=-JS,S,), as well as
a temperature-independent paramagnetic (TIP) susceptibili-
ty of 6x10~* cm®K 'mol . The best fit was obtained for
J=-0.04(2) cm™ and g=2.05(1), which are in agreement
with the literature datal™ and with the values found for
16.54 As expected, the magnetic responses of all the other
complexes follow a qualitatively different behavior. For
these compounds, y\7 begins to decrease at as high as
300 K. As a general rule, this decrease can be attributed to
the depopulation of excited Stark sublevels that belong to
the ground multiplet of each lanthanide ion. The intramo-
lecular exchange interactions can lead to an additional drop
in y\7, analogous to that observed for complex 7. This be-
havior is clearly observed for complexes 2 (Ce), 8 (Tb), 9
(Dy), 10 (Ho), and 12 (Tm). As T decreases below 300 K,
amT first decreases to an intermediate value, after which a
second, faster decline occurs. The first decrease can be at-
tributed to the depopulation of Stark sublevels, whereas the
second decline is most likely due to a weak antiferromagnet-
ic coupling between both Ln™ ions. For complexes 3 (Pr), 4
(Nd), 11 (Er), and 13 (YD), these two steps are not as clearly
separated, since xy 7T decreases continuously throughout the
whole temperature range. However, both contributions
might still be considered.

Photoluminescent properties: Room-temperature absorp-
tion spectra of complexes 1 to 15 and of the free ligand H;L
were collected in DMF by using a concentration of 107 M.
A representative spectrum is shown on Figure S19 in the
Supporting Information, whereas all the data are listed on
Table S4 in the Supporting Information. The suitability of
this solvent was examined by performing the absorption
measurement on one of the complexes, [Eu,(HL),(H,L)-
(NO3)(py)(H,O)] (6), at various intervals over 24 h (Fig-
ure S20 in the Supporting Information). The absorption ex-
perienced only a very slow decline, thus demonstrating the
sufficient stability of the complexes in this solution during
the experiments. Likewise, the spectrum originally collected
in MeOH exhibited the same stability. Very similar values in
absorption maxima were observed in all systems. Within this
family of complexes, going from metal to metal has only
minor effects on the intensity and shift of the absorption
bands. Above 300 nm, the spectra exhibit a broad absorp-

www.chemeurj.org

SR These are not the final page numbers!

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tion band with A,,,, in the range from 385 to 387 nm, which
is always accompanied by a shoulder of lower intensity be-
tween 405 and 408 nm (Figure S19 in the Supporting Infor-
mation). Both bands are directly related to the ligand (see
spectrum of H;L in Figure S19 in the Supporting Informa-
tion) and might be attributed to m—m* transitions as ob-
served in related systems."¥

A slight redshift in absorption is observed for the com-
plexes with respect to the free ligand, which is indicative of
coordination between ligands and metal centers. The steady-
state luminescence of 1 to 15 and H;L were investigated in
DMF in the concentration 10°m. All the systems were re-
corded in the visible and/or near-IR regions. H;L exhibits a
broad emission band at 388 nm (Figure S21 in the Support-
ing Information). In turn, all complexes display a single
broad emission band in that region while no sharp lantha-
nide emissions were found. This indicates that, for the com-
plexes, luminescence in this region is exclusively due to the
coordinated ligand (Figure S21 in the Supporting Informa-
tion). On the other hand, only 4 (Nd), 11 (Er), and 13 (Yb)
displayed spectra in the near-IR region and showed features
that corresponded to metal-based transitions.”>>* Figure 7
shows the emission spectra of 4 (Nd), 11 (Er), and 13 (Yb)
recorded from 800 to 1600 nm under the excitation of light
with 1=385, 385, and 355 nm, respectively. The spectra in
all three cases show transitions with precedents in other lu-
minescent Yb, Nd, and Er compounds.”*** Thus, the above-
mentioned excitations resulted in narrow emission bands

[Nd,]
4, 4
4F F3I? I1112
= l“’z 1058 nm
“' 4,
: 912 ‘F _.4|
800 1200 1600
[Er2]
4, 4
- I|3I2_— I15/2
3| 1523 nm
s
1400 1500 1600
[Yb2]
5
s
800 1000 1200

Al nm

Figure 7. Fluorescence emission spectra of complexes 4 (Nd, top), 11 (Er,
middle), and 13 (Yb, bottom) in 10~ M DMF at room temperature, under
the excitation of light with 1=385, 385, and 355 nm, respectively. Intensi-
ties are normalized. See text for further details.
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near 890, 1058, and 1331 nm for 4 (Nd), 1523 nm for 11
(Er), and 977 nm for 13 (Yb). These bands were assigned to
the transitions “Fy, —Iyy, “F3,—1;;, (the most intense), and
*Fs,—*113, for the [Nd,] complex, *I;3,—"l;s, for the [Er,]
system, and °Fs,—’F,, for the [Yb,] complex.b>>¥ Overall,
these transitions might be due to an antenna effect that has
been well described for other -diketonate systems, in which
effective intramolecular energy transference from the coor-
dinated H;L ligand (as H,L™ and HL") to the central lantha-
nide would lead to radiative emitting processes."

Conclusion

The first structurally characterized quasi-complete series of
dinuclear lanthanide complexes has been employed for the
study of the lanthanide contraction of two metal centers, si-
multaneously, within two different coordination environ-
ments. The quadratic nature of the decay in each site has
been seen by analyzing the sum of all Ln—O distances that
belong to the partially deprotonated H;L ligand, and suita-
bly evaluated with Slater’s model of the atomic radii. Pa-
rameters that affect both Ln'" ions, such as Ln-Ln or coor-
dination polyhedra O--O distances shared by both metals,
have been demonstrated to follow the quadratic decay due
to the contraction as well. The difference between cavity
size in both environments is maintained throughout the
series as a result of structural constrains imposed by the mo-
lecular arrangement. The use of this behavior to design het-
erometallic dinuclear lanthanide complexes, thus combining
two lanthanide ions with different ionic radii, is being inves-
tigated.

Experimental Section

[La,(HL),(H,L)(NO)(py)(H,0)] (1): Method 1: A yellow solution of
H;L (30.0 mg, 0.11 mmol) in pyridine (10 mL) was added into a colorless
solution of La(NO;);6H,0 (30.3 mg, 0.07 mmol) in pyridine (10 mL).
The mixture was stirred for 2 h, and the resulting yellow solution was lay-
ered with Et,0. After two weeks, the complex was obtained as a yellow
solid (43%, 19.4 mg). Method2: A yellow solution of H;L (30.0 mg,
0.11 mmol) in pyridine (10 mL) was added into a colorless solution of La-
(NO;);6H,0 (30.3 mg, 0.07 mmol) in pyridine (10 mL). The mixture was
stirred for 30 min, when a colorless 0.13m solution of HNO; in MeCN
(270 uL, 0.035 mmol) was added dropwise. The reaction was left stirring
for 2 h, and the resulting yellow solution was layered with Et,O. After
three weeks, small yellow crystals of 1 were collected (40 %, 18.0 mg).

[Ce,(HL),(H,L)(NO5)(py)(H,0)] (2): A yellow solution of H;L (30.0 mg,
0.11 mmol) in pyridine (10 mL) was added into a colorless solution of Ce-
(NO3):6 H,0O (30.4 mg, 0.07 mmol) in pyridine (10 mL). The mixture was
stirred for 2 h, and the resulting orange solution was layered with Et,O.
After two weeks, the complex was obtained as red crystals (77 %,
34.6 mg).

[Pr,(HL),(H,L)(NO3)(py)(H,0)] (3): A yellow solution of H;L (30.0 mg,
0.11 mmol) in pyridine (10 mL) was added into a light green solution of
Pr(NO;);6 H,O (30.5 mg, 0.07 mmol) in pyridine (10 mL). The mixture
was stirred for 2 h, and the resulting yellow solution was layered with
Et,0. After two weeks, the complex was obtained as yellow crystals
(87%, 39.1 mg).
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[Nd,(HL),(H,L)(NO;)(py)(H,0)] (4): A yellow solution of H;L (30.0 mg,
0.11 mmol) in pyridine (10 mL) was added into a colorless solution of
Nd(NO;);6 H,0O (30.7 mg, 0.07 mmol) in pyridine (10 mL). The mixture
was stirred for 2 h, and the resulting yellow solution was layered with tol-
uene. After two weeks, the complex was obtained as yellow crystals
(69%, 31.3 mg).

[Sm,(HL),(H,L)(NO;)(py)(H,0)] (5): A yellow solution of H;L
(30.0 mg, 0.11 mmol) in pyridine (10 mL) was added into a colorless solu-
tion of Sm(NO;);6H,0 (31.1 mg, 0.07 mmol) in pyridine (10 mL). The
mixture was stirred for 2 h, and the resulting yellow solution was layered
with Et,0. After two weeks, the complex was obtained as yellow crystals
(81%, 37.2 mg).

[Eu,(HL),(H,L)(NO;)(py)(H,0)] (6): A yellow solution of H,L (30.0 mg,
0.11 mmol) in pyridine (10 mL) was added into a colorless solution of
Eu(NO;);»5H,0 (30.0 mg, 0.07 mmol) in pyridine (10 mL). The mixture
was stirred for 2 h, and the resulting orange solution was layered with
Et,0. After two weeks, the complex was obtained as yellow crystals
(91%, 42.0 mg).

[Gd,(HL),(H,L)(NO;)(py)(H,0)] (7): A yellow solution of H;L
(30.0 mg, 0.11 mmol) in pyridine (10 mL) was added into a colorless solu-
tion of Gd(NO3);6H,0 (31.6 mg, 0.07 mmol) in pyridine (10 mL). The
mixture was stirred for 2 h, and the resulting yellow solution was layered
with Et,0. After two weeks, the complex was obtained as yellow crystals
(90%, 41.8 mg).

[Th,(HL),(H,L)(NO5)(py)(H,0)] (8): A yellow solution of H;L (30.0 mg,
0.11 mmol) in pyridine (10 mL) was added into a colorless solution of Tb-
(NO;);6 H,0 (30.5 mg, 0.07 mmol) in pyridine (10 mL). The mixture was
stirred for 2 h, and the resulting yellow solution was layered with Et,O.
After two weeks, the complex was obtained as yellow crystals (66 %,
30.7 mg).

[Dy,(HL),(H,L)(Cl)(py)(H,0)] (9): A yellow solution of H,L (30.0 mg,
0.11 mmol) in pyridine (10 mL) was added into a colorless solution of
Dy(NO,;);6H,0 (32.0 mg, 0.07 mmol) in pyridine (10 mL). The mixture
was stirred for 2 h, and the resulting orange solution was layered with
Et,0. After two weeks, the complex was obtained as yellow crystals
(71 %, 33.2 mg).

[Ho,(HL),(H,L)(NO3)(py)(H,0)] (10): A yellow solution of H;L
(30.0 mg, 0.11 mmol) in pyridine (10 mL) was added into a colorless solu-
tion of Ho(NO3);5H,0 (30.8 mg, 0.07 mmol) in pyridine (10 mL). The
mixture was stirred for 2 h, and the resulting yellow solution was layered
with Et,0. After two weeks, the complex was obtained as yellow crystals
(75%, 35.2 mg).

[Er,(HL),(H,L)(NO3;)(py)(H,0)] (11): A yellow solution of H;L
(30.0 mg, 0.11 mmol) in pyridine (10 mL) was added into a colorless solu-
tion of Er(NO;);»5H,0 (31.0 mg, 0.07 mmol) in pyridine (10 mL). The
mixture was stirred for 2 h, and the resulting orange solution was layered
with toluene. After two weeks, the complex was obtained as yellow crys-
tals (59 %, 27.8 mg).

[Tm,(HL),(H,L)(NO,)(py)(H,0)] (12): A yellow solution of H,L
(30.0 mg, 0.11 mmol) in pyridine (10 mL) was added into a colorless solu-
tion of Tm(NO;);5H,0 (31.2 mg, 0.07 mmol) in pyridine (10 mL). The
mixture was stirred for 2 h, and the resulting yellow solution was layered
with ether. After two weeks, the complex was obtained as yellow crystals
(15%, 7.9 mg).

[Yb,(HL),(H,L)(NO;)(py)(H,0)] (13): A yellow solution of H;L
(30.0 mg, 0.11 mmol) in pyridine (8 mL) was added into a colorless solu-
tion of Yb(NO;);5H,0 (31.1 mg, 0.07 mmol) in pyridine (8 mL). After
addition of 69 % HNO; (6.81 puL, 0.11 mmol), the mixture was stirred for
1 h, and the resulting yellow solution was layered with hexane. After four
weeks, small orange crystals of 13 were collected (7%, 3.0 mg).
[Lu,(HL),(H,L)(NO3)(py)(H,0)] (14): A yellow solution of H;L
(30.0 mg, 0.11 mmol) in pyridine (10 mL) was added into a colorless solu-
tion of Lu(NO;);»H,O (253 mg, 0.07 mmol) in pyridine (10 mL). The
mixture was stirred for 2 h, and the resulting orange solution was layered
with Et,0. After two weeks, the complex was obtained as an orange solid
(23%, 10.9 mg).
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[Y,(HL),(H,L)(NO;)(py)(H,0)] (15): A yellow solution of H;L (30.0 mg,
0.11 mmol) in pyridine (15 mL) was added into a colorless solution of Y-
(NO;);6H,0 (26.9 mg, 0.07 mmol) in pyridine (15 mL). The mixture was
stirred under reflux for 2 h, and then cooled to room temperature. The
resulting orange solution was layered with ether. After two weeks, the
complex was obtained as orange crystals (39 %, 16.9 mg).

Physical measurements: Variable-temperature magnetic susceptibility
data for compounds 2 to 12 and 14 were obtained on microcrystalline
samples by using a Quantum Design MPMS-XL SQUID magnetometer
either at the “Unitat de Mesures Magnetiques” of the Universitat de Bar-
celona or at the SAI Physical Measurements of the University of Zarago-
za. Pascal’s constants were used to estimate diamagnetic corrections to
the molar paramagnetic susceptibility, and a correction was applied for
the sample holder. IR spectra were recorded on KBr pellets, in the range
4000400 cm™', using a Thermo Nicolet Avatar 330 FTIR spectrometer.
Elemental analyses were performed using a Perkin—Elmer Series II
CHNS/O Analyzer 2400 at the Servei de Microanalisi of the CSIC, Bar-
celona. Electronic absorption spectra were recorded with 1 nm resolution
using a Varian Cary 100 UV/Vis spectrophotometer in DMF at room
temperature (c=10""m). Fluorescence emission spectra were carried out
using Horiba Jobin—Yvon SPEX Nanolog-TM and Cary Eclipse spectro-
fluorimeters. The slits used were of 5 nm for [Nd,] (4) and [Yb,] (14) and
10 nm for [Er,] (11). Positive-ion ESI mass spectrometry experiments
were performed using a LC/MSD-TOF (Agilent Technologies) with a
dual source equipped with a lock spray for internal reference introduc-
tion at the Unitat d’Espectrometria de Masses (SSR) of the University of
Barcelona. The experimental parameters were capillary voltage 4 kV, gas
temperature 325°C, nebulizing gas pressure 15 psi, drying gas flow
7.0 Lmin~!, and fragmentor voltage ranging from 175 to 250 V. Internal
reference masses were m/z 121.05087 (purine) or 922.00979 (HP-0921).
Samples (microliters) were introduced into the source using an HPLC
system (Agilent 1100), using a mixture of H,O/CH;CN (1:1) as eluent
(200 L min").

X-ray crystallography: Crystals systematically suffer from deterioration
of crystallinity once out of their mother liquor, likely due to lattice sol-
vent loss. Single crystals were therefore selected and mounted directly
from their mother liquor using the oil-drop method and mounted as fast
as possible into the cold N, stream on the goniometer. Data for com-
pounds 1-5py, 4:6 py, and 13-6 py were collected with Moy, radiation (A=
0.71073 A) using a Bruker APEX II QUAZAR diffractometer equipped
with a microfocus multilayer monochromator at 100 K. Data for com-
pounds 2:6py, 3-6py, 5:5py-H,0, 6-5py-H,0O, 8:5py, 11-5py, and 15-4py
were collected at 100 K (150 K for 5-5py-H,0) using a Bruker APEX II
CCD diffractometer on the Advanced Light Source beamline 11.3.1 at
Lawrence Berkeley National Laboratory, from a silicon 111 monochro-
mator (1=0.7749 A). Data reduction and absorption corrections were
performed with SAINT and SADABS.” Data for compounds 7-5py,
9-5py, 10-5py, and 12-5py-Et,O were obtained at 150 K using an Oxford
Diffraction Excalibur diffractometer with enhanced Mok, radiation (A=
0.71073 A) at the X-ray diffraction and Fluorescence Analysis Service of
the University of Zaragoza. Cell refinement, data reduction, and absorp-
tion corrections were performed with the CrysAlisPro suite.””! All struc-
tures were solved and refined on F? with the SHELXTL suite.”>¥ All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms were
placed geometrically on their carrier atom and refined with a riding
model. In all cases, displacement parameters restraints were used to
refine some of the lattice solvent molecules. For 1-5py, 4-6py, 7-5py,
8:5py, 9:5 py, 10-5py, 115 py, and 15-4 py void space with only diffuse elec-
tron density remaining at the end of the refinement were analyzed and
taken into account with SQUEEZE as implemented in the PLATON
package.“®!l Crystallographic and refinement parameters are summar-
ized in Table 1. Selected bond lengths and angles are given in Table 2
and Table S1 in the Supporting Information.

CCDC-915325 (1), 915326 (2), 915327 (3), 915328 (4), 915329 (5), 915330
(6), 915331 (7), 915332 (8), 915333 (9), 915334 (10), 915335 (11), 915336
(12), 918743 (13), and 915337 (15) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
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from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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Lanthanides
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Lanthanide Contraction within a

Series of Asymmetric Dinuclear [Ln,]
Complexes

Contractual obligation: The quadratic
decay of the lanthanide contraction is
manifested by using, for the first time,
a quasi-isostructural series of dinuclear
asymmetric complexes (see figure).
Crystallographic parameters of a total
of 13 structures have been analyzed to
confirm this trend, which also is
observed for parameters that receive a
simultaneous contribution from two
metals.
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