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ABSTRACT: Six new heterometallic cobalt(II)-lanthanide(III) complexes
of formulas [Ln(bta)(H,0),],[Co(H,0)]-10H,0 [Ln = Nd(III) (1) and
Eu(Ill) (2)] and [Ln,Co(bta),(H,0)s],-6nH,0 [Ln = Eu(Ill) (3),
Sm(II) (4), GA(III) (5), and Tb(I) (6)] (H,bta = 12,45
benzenetretracaboxylic acid) have been synthesized and characterized via
single-crystal X-ray diffraction. 1 and 2 are isostructural compounds with a
structure composed of anionic layers of [Ln(bta)(H,0),],"” sandwiching
mononuclear [Co(H,0)4]*" cations plus crystallization water molecules,
which are interlinked by electrostatic forces and hydrogen bonds, leading
to a supramolecular three-dimensional network. 3—6 are also isostructural
compounds, and their structure consists of neutral layers of formula
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[Ln,Co(bta),(H,0);s], and crystallization water molecules, which are connected through hydrogen bonds to afford a
supramolecular three-dimensional network. Heterometallic chains formed by the regular alternation of two nine-coordinate
lanthanide(1II) polyhedra [Ln(III)Oy] and one compressed cobalt(I) octahedron [Co(II)O,] along the crystallographic c-axis
are cross-linked by bta ligands within each layer of 3—6. Magnetic susceptibility measurements on polycrystalline samples for 3—
6 have been carried out in the temperature range of 2.0—300 K. The magnetic behavior of these types of Ln(III)—Co(II)
complexes, which have been modeled by using matrix dagonalization techniques, reveals the lack of magnetic coupling for 3 and
4, and the occurrence of weak antiferromagnetic interactions within the Gd(III)—Gd(III) (5) and Tb(III)—Tb(III) (6) dinuclear
units through the exchange pathway provided by the double oxo(carboxylate) and double syn—syn carboxylate bridges.

B INTRODUCTION

The chemistry of metal-organic compounds has raised a great
interest during the last decades."” The variety of properties of
the coordination polymers make them good targets in research
fields, such as magnetism, luminescence, catalysis, etc.

From the magnetic point of view, the coordination polymers
add new properties to those of the classical magnets (e.g., low
density, electrical insulation, low-temperature fabrication, etc.).
Among the first-row transition metal ions incorporated in the
magnetic coordination polymers, the six-coordinate cobalt(II)
ion is especially appealing, because of its anisotropic character
and the three unpaired electrons that it has.* As far as the
introduction of trivalent rare-earth cations in these compounds
is concerned, some of the 4f elements bring large high
anisotropic magnetic moments to the material, although the
shielding effects generally produce weak magnetic interactions.
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Unexpected magnetic properties in polynuclear compounds
have been achieved by means of the combination of different
spin carriers within the same molecular entity.’ In particular,
heterometallic 3d—4f assemblies have been the subject of
intensive research by different groups, because of the diversity
of their magnetic behavior.®

The rational assembly of the 3d and 4f ions is a more
complicated task than dealing with the preparation of
homometallic systems.” As it is well-known, a suitable choice
of the ligand allows the bottom-up approach for extended
networks (coordination polymers) through the connections
between the polydentate ligands and metal centers. The initial
preparative works about the mixed 3d—4f systems used
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polydentate Schiff-base ligands to perform the selective
complexation of the two metal ions® and more recently,
oxamidate-type ligands were employed to do the same.” All
these ligands have in common the fact that they are mixed-
donor linkers. The results obtained indicate that the oxophilic
lanthanoid centers efficiently compete with the 3d metal ions
for the O-donors, whereas the reverse is observed for the N-
donors.*” More recent studies have shown that the 3d—4f
extended networks can be achieved with ligands being
exclusively O-donors.**'®'" Our approach will involve the use
of the 1,2,4,5-benzenetetracarboxylic acid (H,tba), which has
the ability to combine the rigidity with a surprising high
number of coordination modes toward Co(1I)'* and Ln(III)"?
ions in homometallic phases.

The hydrothermal method is the most extended synthetic
route used to design 3d—4f compounds with mixed ligands.
The previous preparative attempts that we have carried out to
obtain heterometallic compounds have shown that the slow
diffusion techniques constitute an excellent alternative
method.>'® In this respect, we have previously synthesized
3d—4f metal-organic frameworks involving the use of the gel
growth;**'® therefore, in the present work, we explore this
alternative together with other slow reaction synthesis. We
present here the syntheses and crystal structure of six new
heteronuclear 3d—4f complexes of formulas [Ln(bta)(H,0),],-
[Co(H,0)6)-10H,0 [Ln = Nd(III) (1) and Eu(IIl) (2)] and
[Ln,Co(bta),(H,0);],-6nH,0 [Ln = Eu(IIl) (3), Sm(III) (4),
Gd(IIT) (5), and Tb(III) (6)] together with the variable-

temperature magnetic study of 3—6.

B EXPERIMENTAL SECTION

Materials and Methods. Reagents and solvents used in the
syntheses were purchased from commercial sources and used without
further purification. Elemental analyses (C, H, N) were performed
with a Model EA 1108 CHNS/0 automatic analyzer.

Preparation of the Complexes. General Procedure. X-ray-
quality crystals of compounds 1, 2, 3, and 5 were grown by slow
evaporation of aqueous solutions, whereas those of 4 and 6 have been
obtained through the silica gel technique described by Henisch.'*

The crystal growth of this series of complexes is not favored neither
kinetically nor thermodinamically, and only a specific concentration of
the reactants yields the heterometallic product. Therefore, two
strategies have been selected to obtain these materials: the gel
technique and the slow evaporation method.

The gel method lets us test a number of concentrations of the
reactants in a single experiment; the concentration of the ligand is
always the same, and those of the metal ions are constantly varying
during the experience (according to their diffusion through the gel).
However, collecting the crystals from the gel is a difficult task, specially
when several phases grow simultaneously. Fortunately, in the cases of
4 and 6, the crystals appeared in the gel interphase, simplifying their
collection.

The solution method is simpler and the collection is easier;
however, obtaining the correct values for the concentration of the
reactants is much more difficult. We found that the lanthanide salts
react immediately with the bta ligand to form the homometallic phase;
the cobalt(II) salt, however, needs time to form a complex with the
bta. Therefore, we selected a Co:Ln molar ratio of 20:1, to avoid the
rapid formation of the homometallic Ln(bta) phase. Then, two
scenarios arise. In the case of 1 and 2, the crystals of the heterometallic
phase appear simultaneously with those of the Ln(bta) phase, and,
once collected, they have to be separated mechanically. In the case of 3
and S, the crystals that grow first are those of the heterometallic
phases, which are removed from the solution to displace the
equilibrium to the formation of these complexes.
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All our attempts to grow single crystals with the remaining 4f
elements by using these techniques were unsuccessful, and only the
homometallic lanthanoid complex was obtained.

Synthesis of [Ln(bta)(H,0),],[Co(H,0)s]-10H,0 [Ln = Nd (1) and
Eu (2)]. An aqueous solution of 0.5 M NaOH was added dropwise to
another aqueous solution (50 cm?) of Hybta (0.254 g, 1 mmol) until a
pH value of ca. 5.0 was reached. Then, an aqueous solution (30 cm?)
of cobalt(I) nitrate hexahydrate (0.582 g, 2 mmol) and either
neodymium(IIl) nitrate hexahydrate (0.044 g 0.1 mmol) (1) or
europium(III) nitrate pentahydrate (0.043 g, 0.1 mmol) (2) was added
to the previous solution under vigorous stirring. The resulting pink
solution was allowed to evaporate at room temperature. Pale pink
needles of 1 and 2, together with the corresponding homometallic
phases, appeared after 2 days. They were mechanically separated,
washed several times with a 50:50 (v/v) water/methanol solution, and
air-dried. The yields are 22% and 31% for 1 and 2, respectively, based
on the starting amount of the lanthanide. Anal. Calcd for
CyH44,CoNd,04¢ (1): C, 19.88%; H, 3.65%. Found: C, 19.89%; H,
3.67%. Anal. Calcd for CyyH,,CoEu,O5¢ (2): C, 19.63%; H, 3.61%.
Found: C, 19.64%; H, 3.63%.

Synthesis of [Ln,Co(bta),(H,0),l,-6nH,0 [Ln = Eu (3) and Gd
(5)]. Compounds 3 and S were obtained following a procedure similar
to that used for 1 and 2, but using sodium carbonate (0.208 g, 2
mmol) instead of sodium hydroxide to neutralize the solution. Pale
pink prisms of 3 and § were formed after a week of standing at room
temperature. The solution was frequently looked at in order to collect
the heterometallic phase before the precipitation of the homometallic
phases. They were mechanically separated, washed with a 50:50 (v/v)
water/methanol solution, and air-dried. The yields are 42% (3) and
35% (5). Anal. Calcd for C,oH;,CoEu,044 (3): C, 21.53%; H, 2.89%.
Found: C, 21.64%; H, 3.06%. Anal. Calcd for CyH;,C0oGd,04 (5):
C, 21.31%; H, 2.87%. Found: C, 21.32%; H, 2.81%.

Synthesis of [Ln,Co(bta),(H,0)g]-6H,0 [Ln = Sm (4) and Tb (6)].
An aqueous solution of 0.5 M NaOH was added dropwise to an
aqueous solution (10 cm?) of H,bta (0.127 g, 0.5 mmol) until a pH
value of ca. 4.3 was reached. Then, tetramethoxysilane (1 cm?) was
added dropwise to the previous solution under vigorous stirring. The
resultant clear solution was added to a test tube and stored at room
temperature. After 2 days, the gel was set and an aqueous solution (3
cm?®) containing cobalt(Il) nitrate hexahydrate (0.585 g, 1 mmol) and
either samarium(III) nitrate hexahydrate (0.044 g, 0.1 mmol) (4) or
terbium(III) nitrate pentahydrate (0.043 g, 0.1 mmol) (6) was
carefully layered on the gel. Pale pink prisms of 4 and 6 were formed
in the gel/solution interface after standing for a week at room
temperature. They were mechanically separated, washed with a water/
methanol (50:50 v/v) mixture, and air-dried. The values of the yield
are of 25% (4) and 55% (6). Anal. Calcd for C,oH;,CoSm,05, (4): C,
21.59%; H, 2.90%. Found: C, 21.64%; H, 3.12%. Anal. Calcd for
CoHy,CoTb,O5 (6): C, 21.26%; H, 2.86%. Found: C, 21.34%; H,
2.87%.

Physical Measurements. Magnetic susceptibility measurements
on polycrystalline samples of compounds 3—6 were carried out in the
temperature range of 2.0—300 K with a Quantum Design SQUID
magnetometer under applied magnetic fields of 1 T (50 K < T < 300
K) and 250 G (T < S0 K). The magnetization measurements were
performed at 2.0 K in the field range of 0—5 T. The values of the
experimental magnetic susceptibility data were corrected for the
diamagnetic contribution of the constituent atoms, as well as for the
magnetization of the sample holder.

Crystal Structure Determination and Refinement. Single-
crystal X-ray diffraction data sets were collected at 293 K (1 and 3—6)
on a Nonius Kappa CCD diffractometer with graphite-monochro-
mated Mo Ka radiation (4 = 0.71073 A), while those of 2 were
collected at 100 K at the ESRF synchrotron BMI16 beamline
(Grenoble, France), using 4 = 0.7256 A. Data were indexed,
integrated, and scaled using the EVALCCD" (1, 3—6) and
HKL2000"¢ (2) programs. It deserves to be noted that equivalent
reflections were merged during the integration process using the
HKL2000 program.'® The structures of 1—6 were solved by direct
methods and subsequent Fourier syntheses using the SHELXS97
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Table 1. Crystal Data and Details of the Structure Determination for Complexes 1—6

1 2
formula C,0H44,CoNd, O34 C,0H4CoEu,054
M 1207.96 1223.40
crystal system monoclinic monoclinic
space group P2,/n P2,/n
a (A) 15.2410(9) 15.159(3)

b (A) 8.7110(3) 8.666 (2)

c (A) 15.7880(10) 15.744(3)

a (deg) 90.0 90.0

B (deg) 104.621(3) 104.80(3)

7 (deg) 90.0 90.0

Vv (A%) 2028.2(2) 1999.6(7)

z 2 2

index ranges
h —20<h< 16 —-0<h<20
k —10 < k<11 -0<k<11
1 —12<1<21 —21<1<20

T (K) 293(2) 100(2)

Peac Mg m™) 1.926 2.032

2, Mo Ka (A) 0.71073 0.725 60

#, Mo Ka (mm™) 3.034 3.624

R, I > 20(D) (all)
wRy, I > 26(I) (all)

0.0572 (0.0888)
0.1579 (0.1795)

0.0658 (0.0821)
0.2012 (0.2159)

3 4 S 6
CyoH3,CoEu, 059 CaoH3,Co8m, 04 CyH3,C0Gd, 03 C1H3,CoTb,05
1115.31 1111.96 1125.89 1129.10
triclinic triclinic triclinic triclinic
P1 P1 P1 P1
8.5563(2) 8.5800(5) 8.5403(4) 8.5233(6)
8.8685(1) 8.8986(6) 8.8537(6) 8.8297(6)
11.7221(2) 11.7367(7) 11.7225(5) 11.7246(5)
85.451(3) 85.428(5) 85.439(3) 85.427(4)
88.012(3) 87.998(6) 87.941(3) 87.955(4)
63.791(3) 63.632(5) 63.764(3) 63.941(5)
795.53(3) 800.31(9) 792.54(7) 790.15(9)

1 1 1 1

-1l <h<11 —12<h<12 -1l <h<11 —11<h<9
—11<k<11 —12<k<12 -1l <k<11 —11 <k<10
-15<1< 15 —-16<1<16 -15<1< 15 —-14<1<15
293(2) 293(2) 293(2) 293(2)

2.328 2.274 2.359 2.339

0.710 73 0.71073 0.71073 0.710 73
4.530 4.251 4.774 5.065

0.0281 (0.0360)
0.0621 (0.0643)

0.0287 (0.0366)
0.0633 (0.0656)

0.0248 (0.0289)
0.0604 (0.0620)

0.0381 (0.0520)
0.0820 (0.0879)

total number of reflections 13789 4857
independent reflections, Ry, 5093 (0.049) 4857 (0)
goodness-of-fit, GOF 1.104 1.055

13412 16572 13871 7115
3640 (0.036) 4654 (0.0338) 3619 (0.030) 3426 (0.034)
1.058 1.088 1121 1.081

program.'” All non-hydrogen atoms were refined anisotropically by
full-matrix least-squares technique based on F? using the SHELXL97
program.'” The hydrogen atoms of the bta*~ ligand have been set on
geometrical positions and refined with a riding model. Those of the
water molecules were neither found nor set. Crystallographic data for
the structures of 1—6 have been deposited at the Cambridge
Crystallographic Data Centre with CCDC reference numbers
984260, 984261, 984262, 984263, 984264, and 984265 for 1, 2, 3,
4, 5, and 6, respectively. The final geometrical calculations and the
graphical manipulations were carried out with the PLATON'® and
DIAMOND" programs. A summary of the crystal data and
refinement conditions is listed in Table 1 (1—6), whereas
intermolecular contacts, selected bond lengths and angles are shown
in the Supporting Information (Tables S1 and S2 for 1 and 2 and
Tables S3 and S4 in 3—6).

B RESULTS AND DISCUSSION

Structural Description. [Ln(bta)(H,0),],[Co(H,0)l-
10H,0 [Ln = Nd (1) and Eu(2)]. 1 and 2 are isostructural
compounds whose crystal structure consists of anionic layers of
formula [Ln(bta)(H,0),],””, mononuclear [Co(H,0),]*
cations and crystallization water molecules, which are
interlinked by hydrogen bonds, leading to a supramolecular
three-dimensional network (see Figure 1 and Table S1 in the
Supporting Information). A regular alternation of anionic layers
and mononuclear cations occurs in 1 and 2. Within each
anionic layer, the lanthanide(III) ions form chains along the
crystallographic b-axis, which are connected through the
skeleton of the bta*~ ligand [see Figure 2 (left)]. Within each
chain, two similar oxo(carboxylate) bridges are regularly
alternated [0(2) and O(2)* " between Ln(1) and
Ln(1)“V and O(7)*" and O(7)“" between Ln(1) and
Ln(1)“ symmetry code: (a —1) =1 — x,2 — y2—2z (b—
1)=05—-%05+y,15—2z(c—1)=05+x25—505+z
and (d — 1) =1 — x, 3 — y, 2 — z] [see Figure 2 (right)]. The
shortest intrachain metal—metal separations are 4.4073(4) (1)
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e

Figure 1. Projection along the crystallographic b-axis of the
supramolecular three-dimensional structure of 1 and 2. The blue
circles represent the crystallization water molecules, whereas the
hydrogen bonds are drawn as dashed lines.

A/4.3838(8) A (2) [Ln(1)--Ln(1)“ V] and 4.3772(4) (1) A/
4.3548(8) A (2) [Ln(1)--Ln(1)“ 1] with values of the angle
at the bridgehead oxo(carboxylate) atom of 117.6(2)° (1)/
118.3(2)° (2) [Ln(1)—0(2)—Ln(1)“ V] and 115.6(2)° (1)/
116.0(2)° (2) [Ln(1)—0O(7)®P—Ln(1)V]. The values of
the interlayer lanthanide---lanthanide distance [12.2783(6) A
(1) and 12.244(3) A (2) for Ln(1)--Ln(1)“; (e —1) = 0.5 +
%, 2.5 — y, —0.5 + z] are much greater than those between
adjacent chains within each layer [9.4878(5) A (1) and
9.430(4) A (2) for Ln(1)--Ln(1)¢V].

Each crystallographically independent lanthanide(III) ion in
1 [Nd(III)] and 2 [Eu(Ill)] is ten-coordinate by eight
carboxylate-oxygen atoms gO(l), 0(2), 0(2)(“_1), O(S)(b_l),
0(7)¢ ™, 0(3) Y, 0(8) Y, 0(7)*"V] from four different
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Figure 2. (Left) A view of a fragment of the anionic layer
[Ln(bta)(H,0),],” [Ln = Nd (1) and Eu (2)] extended in the
(T01) plane. (Right) Detail of the regular alternating bridging pathway
in the chain of lanthanide(III) ions growing along the crystallographic
b-axis.

bta*” ligands, and two coordination water molecules [O(1w)
and O(2w)] [see Figure 3 (1) and Figure S2 in the Supporting

(1)
(b-1) o7
o7 @
< o1w
(a-1)

o™ Na1 & 03

oaw™
>

oW

Figure 3. A perspective view of the asymmetric unit of 1 showing the
atom numbering and the coordination modes of the bta ligand. The
same atom numbering has been adopted for 2 (see Figure S1 in the
Supporting Information).

Information (2)]. All these atoms build a distorted bicapped
square antiprism with values of the bite parameter b equal to
0.98 (1) and 1.04 (2).*° The Ln—O bond lengths vary in the
ranges of 2.436(4)—2.713(4) A (1) and 2.476(4)—2.709(4) A
(2) (see Table S2 in the Supporting Information). The base
and upper planes of the polyhedron are built by the
0(1)0(2)“V0o(5)*V0(2w) and O(7)P0O(3)¢VO-
(8)“DO(1w) sets of atoms respectively, with the O(2) and
0(7)“"Y atoms capping them (see Figure S2 in the Supporting
Information). The values of the dihedral angle between the two
square bases are 1.74(12)° (1) and 1.80(10)° (2). The largest
Ln—O distances correspond to the bonds with the oxygen
atoms capping the antiprism [mean values of 2.704(4) A (1)
and 2.706(4) A (2)].

A clear decrease in the Ln—O carboxylate and Ln—O water
bond distances has been observed with the increase in the
atomic number of the lanthanide ion [see Figure S3 (left) in
the Supporting Information]; this effect is closely related to the
lanthanide contraction effect.*'

Only one crystallographically independent cobalt(II) ion
[Co(1)] occurs in 1 and 2, which lies on a crystallographic
inversion site [see Figure 3 (1) and Figure S1 in the Supporting
Information (2)]. It is surrounded by six coordination water
molecules in a slightly elongated octahedral environment [¢) =
59.06 (1)/59.43° (2) and s/h = 123 (1)/1.23 (2) to be
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compared to the ideal values for octahedral environment, ¢ =
60° and s/h = 1.22]** with O(4w), O(4w)Y™, O(5w), and
O(5w)¥ 1 in equatorial positions and O(3w) and o(3w)UY
in the axial ones [(f — 1) = —x, 2 — y, —z]. The mean values of
the equatorial Co—O water bond lengths are 2.082(6) A (1)
and 2.086(6) A (2). They are somewhat shorter than the axial
bond lengths [2.125(5) and 2.118(6) A for 1 and 2,
respectively]. All these structural features agree with those
previously reported for another hexaaquacobalt(Il) unit in the
ionic salt of formula [Co(H,0)s](H,bta)-dpo-4H,O (dpo =
4,4 -bipyridine-N,N'-dioxide)." The six-coordinate cobalt(II)
units are well-separated from each other, the values of the
shortest interionic Co—Co distance being 8.710(3) A (1) and
8.666(2) A (2) [Co(1)-Co(1)E&Y; (g—1) =x—-1+y,z]
These values are somewhat longer than the shortest cobalt—
lanthanide separation [7.7208(5) A (1) and 7.6793(14) A (2)
for Co(I)--La(I) " (h — 1) = &, y, =1 + z].

The bta*” ligand in 1 and 2 adopts a tetrakis-bidentate
bridging mode through its four carboxylate groups subtending
two four-membered [O(1) and O(2) toward Ln(1) and O(7)
and O(8) toward Ln(1)V™Y; (j — 1) = =0.5 + x, 0.5 — y, =0.5
+ z] and two seven-membered [O(2) and O(3) toward
Ln(1)“" and O(5) and O(7) toward Ln(1)*Y; (k — 1) =
0.5 — x, —0.5 + y, —0.5 — z] chelate rings [see Figure 3 (1) and
Figure S1 in the Supporting Information (2)]. The average
values for the C—O distances of the tetracarboxylate ligand
[1.258(5) A (1) and 1.256(8) A (2)] agree with those
previously observed in other structurally characterized bta-
containing metal complexes.'”"> The whole bta*" ligand is far
from being planar, the values of the dihedral angle between the
aromatic ring and the carboxylate groups being 38.1(2)°,
42.3(2)°, 43.8(2)°, and 77.5(2)° for 1 and 38.3(2)°, 42.2(2)°,
43.5(2)°, and 75.7(2)° for 2. Finally, the internal angles in the
benzene ring at the substituted C atoms [mean values of
118.8(6)° (1)/118.5(2)° (2)] are slightly smaller than those at
the unsubstituted ones [122.4(6)° (1)/121.7(2)° (2)], in
agreement with previous reports.lz’ ?

[Ln,Co(bta),(H,0)el,-6nH,O [Ln = Eu(lll) (3), Sm(lll) (4),
Gd(lll) (5), and Tb(lll) (6)]. The complexes 3—6 are
isomorphous and their crystal structure is composed of neutral
layers of the [Ln,Co(bta),(H,0)3] formula unit and
crystallization water molecules that are interlinked by hydrogen
bonds, leading to a supramolecular three-dimensional network
(see Figure 4 and Table S3 in the Supporting Information).
The layers are regularly stacked along the [110] direction,
following an ABAB sequence. Within each layer, pairs of
[Ln(H,0);] units with double oxo(carboxylate)- and double
syn—syn carboxylate bridges occur, which, in turn, are
connected by trans-diaquacobalt(II) entities along the crystallo-
graphic c-axis [Figure S (top)]. These heterobimetallic chains
are cross-linked by the bta skeleton to afford the neutral layers
[Figure S (bottom)]. The values of lanthanide—lanthanide
separation and angle at the oxo(carboxylate) bridge are
3.9574(4) (3), 3.9853(2) (4), 3.9413(4) (5), and 3.9216(2)
A (6) [Ln(1)--Ln(1)“; (a —2)=1—x,1 — ¥, 2 — z] and
106.39(1) (3), 106.53(1) (4), 106.47(1) (5), and 106.4(1)°
(6) [Ln(1)—O(1)—Ln(1)©“?], whereas the shortest lantha-
nide—cobalt separations along the crystallographic c-axis are
5.3239(2) A (3), 52219(3) A (4), 5.3249(3) A (5), and
5.3220(2) A (6) [Co(1)-+Ln(1)]. These intrachain metal—
metal distances are smaller than the shortest lanthanide—
lanthanide [ranged from 9.1909(6) A to 9.2186(8) A] and Co—
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Figure 4. Projection along the crystallographic c-axis of the
supramolecular three-dimensional structure of 3—6, showing the
ABAB stacking trend, together with the network of hydrogen bonds
(blue dashed lines).

Figure S. (Top) View of a fragment of the Co(II)—Ln(III)
heterometallic chain running along the crystallographic c-axis. The
inset shows a detail of the bridging pathway involving the
lanthanide(IIT) dimers. (Bottom) Projection along the [110] direction
of the layers of [Ln,Co(bta),(H,0),] [Ln = Eu(IIl) (3), Sm(III) (4),
Gd(I1I) (S), and Tb(III) (6)], showing how the heterometallic chains
are linked through the skeleton of the bta ligand.

Co [values from 9.1909(5) A to 9.2186(8) A] separations
across the bridging bta ligand.

Each crystallographically independent lanthanide(III) ion in
3—6 is nine-coordinate by six carboxylate oxygen atoms [O(1),
0(1)¢?,0(2)“, 0(3), 0(7)*>, and O(8)“™?; (b - 2) =
1+x —1+yzand (c —2) = —x, 2 —y, 2 — z] from four
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different bta*~ ligands and three water molecules [O(1w),
O(2w), and O(3w)] [see Figure 6 (4) and Figure S3 in the

Sm1ea
Sm1* .

e Co1

D o2w

Figure 6. A perspective view of a fragment of the structure of 4
showing the coordination modes of the bta ligand, together with the
atom numbering scheme. Thermal ellipsoids (drawn at $50%
probability level) have been used to denote the crystallographically
independent unit. The crystallization water molecules have been
omitted for the sake of clarity.

Supporting Information (3, 5, and 6)]. This set of donor atoms
builds a distorted monocapped square antiprism around the
trivalent rare-earth cation [mean values for the b parameter
equal to 1.01 (3), 1.18 (4), 1.01 (5), and 1.17 (6)].*° The
average values of the Ln—O bond lengths are 2.4760(2) (3),
2.4875(2) (4), 2.4653(3) (5), and 2.4585(5) (6) (see Table S4
in the Supporting Information). The square-planar base of the
polyhedron is defined by the O(1), O(lw), O(3), and
O(8)“™? atoms, while the upper square-plane is built by
0(1)“ 2, 0(7)?, 0(2w), and O(3w). The antiprism is
capped by the O(2)"“™ atom, with the corresponding Ln—O
distance being the longest one [values that cover the range
2.663(2)—2.674(2) A; see Table S3 in the Supporting
Information] and contributing to the distortion of the
polyhedron (see Figure S4 in the Supporting Information).
The values of the Ln—O carboxylate bond distance are slightly
shorter than those observed for the Ln—O water bond distance,
and the mean values of the Ln—O carboxylate and Ln—O water
bond lengths gradually decrease when going from Sm(III) to
Tb(III) as expected due to the contraction of the ionic radii
with the increasing atomic number of the 4f ions [see Figure S3
(right) and Table S4 in the Supporting Information].

Also, one crystallographically independent cobalt(I) ion
[Co(1)] occurs in 3—6 (see Figure 6 and Figure SS in the
Supporting Information), which lies on a crystallographic
inversion site. It is six-coordinate with four carboxylate oxygen
atoms [O(4), 0(4)“2), 0(6)“? and 0(6)*?; symmetry
code: (d—2)=1—-x,1—-y1—z(e—2)=—x2—y1—2]
from four different bta*” ligands, and two coordination water
molecules [O(4w) and O(4w)(d_2)] describing a somewhat
compressed octahedral environment [values of ¢ and s/h
parameters of 60.31° and 1.21 (3), 60.26° and 1.21 (4), 60.27°
and 1.21 (5) and 60.44° and 1.21 (6) versus the ideal values for
an octahedral environment (60° and 1.22)].*> The mean values
of the equatorial Co—O bond length are 2.116(3) (3), 2.117(3)
(4), 2.116(3) (5), and 2.123(3) A (6); these values are
somewhat longer than the axial bond lengths [2.090(3),
2.089(2), 2.087(3), and 2.084(3) A for 3, 4, 5, and 6,
respectively].

dx.doi.org/10.1021/ic5008582 | Inorg. Chem. 2014, 53, 6299—6308



Inorganic Chemistry

Only one crystallographically independent bta*~ ligand is
present in 3—6. It adopts simultaneously tetrakis-monodentate
[through O(4), O(6), O(7), and O(8) toward Co(1),
Co(1)Y™, Ln(1)Y?), and Ln(1)¢?), respectively; (f — 2) =
—1 4+ x, 1 + y, z] and bis-bidentate coordination modes
[through O(1) and O(2) toward Ln(1)©“? and via O(1) and
O(3) toward Ln(1) subtending four- and seven-membered
rings, respectively] (see Figure 6 and Figure SS in the
Supporting Information). The average values of the C—O
bond distances in 3—6 [1.258(5) (3), 1.260(S) (4), 1.257(5)
(5), and 1.259(1) A (6)] agree with those observed in 1 and 2.
The values of the dihedral angles between the mean plane of
the aromatic ring and the planes of the carboxylate groups vary
in the ranges of 23.88(13)—87.49(14) (3), 24.2(2)—88.1(3)
(4), 24.08(11)—87.15(13) (5), and 24.0(3)—87.0(4)° (6).

Magnetic Properties of 3—6. Because of the difficulties in
the analysis and interpretation of the magnetic properties of
mixed six-coordinate high-spin cobalt(II) and lanthanide(III)
units, we would like to make some considerations prior to the
presentation, analysis, and discussion of the magnetic data of
3—6.

The different factors that challenge the analysis of the
magnetic properties of the present mixed 3d—4f systems are the
following:

(i) the first-order angular momentum of the six-coordinate
high-spin cobalt(II) and the trivalent lanthanide ion
(with the exception of the Gd**), which prevent the use
of the spin-only formalism;
the value of the crystal field splitting of the rare-earth
cation, which is usually on the order of kT at room
temperature and, so, the thermal population of the Stark
levels must be implicitly taken into account;
the inner nature of the 4f orbitals, with respect to the 3d
ones, which is responsible for the weak magnetic
interactions observed in 3d—4f systems and whose
nature and magnitude can be obscured by the orbital
contributions, crystal field effects, and intermolecular
interactions.

(i)

(i)

In this respect, the very low efficiency of the extended bta
ligand to mediate magnetic interactions between paramagnetic
centers in bta-bridged systems in the temperature range
studied,">'" allow us to conclude that the only possible
exchange pathways involved in 3—6 concern the single anti—syn
carboxylate bridge between Co(II) and Ln(III) and the double
oxo(carboxylate) and double syn—syn carboxylate bridges
between the lanthanide(III) cations within the heterobimetallic
chains along the crystallographic c-axis [see Figure S (top)]. As
far as we are aware, magneto-structural reports dealing with the
first exchange pathway have not offered a straightforward
conclusion about the occurrence of a significant magnetic
interaction™® whereas for the second one, weak antiferromag-
netic interactions are documented for the digadolinium(III)
pair [—] values covering the range of 0.022—0.43 cm™" through
the Hamiltonian H = —]g -8,1** and lack of magnetic coupling
for the diterbium(III) couple.*®

The magnetic properties of compounds 3—6, under the form
of the yyT product vs T plots [yy being the magnetic
susceptibility per Ln"™,Co" unit] are shown in Figures 7 (3), 8
(4), 9 (5), and 10 (6), whereas those of the magnetization
versus H plot at 2.0 K are depicted in Figure S6 in the
Supporting Information (3—6). The profiles of Figures 7—10
are similar to a continuous decrease of y;T upon cooling.
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Figure 7. yT vs T plot for 3: (O) experimental and (—) best-fit
curve. The dashed lines correspond to the theoretical curves for a
Co(II) (middle) and two Eu(III) ions (bottom) calculated from the
best-fit parameters (see text).
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Figure 8. y,T vs T plot for 4: (O) experimental and (—) best-fit
curve. The dashed lines correspond to the theoretical curves for a
Co(1I) (middle) and two Sm(III) ions (bottom) calculated from the
best-fit parameters (see text).
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Figure 9. v, T vs T plot for 5: (O) experimental; (—) best-fit curve.
The dashed line corresponds to the theoretical curve for two Gd(III)
ions magnetically interacting with Jgagq = —0.035 cm™ (see text).

Hereafter, we will proceed to analyze and discuss these plots in
a separate manner for pedagogical reasons.

At room temperature, yT for 3 is equal to 5.37 cm® mol™
K. Upon cooling, y3,T monotonically decreases to reach a value
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Figure 10. y,T vs T plot for 6. The dashed line corresponds to the
magnetic behavior of the two Tb(III) ions in 6 [the corresponding
ymT curve for the Co(II) ion has been subtracted from the
experimental one] (see text).

of 2.20 cm® mol™" K at 2.0 K (Figure 7). The interpretation of
the magnetic behavior of 3 is quite straightforward. In fact,
although the ground state ("F,) for the Eu(III) is nonmagnetic
(4f5]=0,5S=3and L = 3), the 'F, and "F, excited states are
sufficiently close to the lowest "F, state to be populated at room
temperature. This feature and the unquenched orbital
contribution of the high-spin Co(II) ion would account for
the magnitude of y,T per Eu™,Co" unit of 3 at 300 K. The
observed decrease of y)T in the high-temperature domain is
due the thermal depopulation of these excited states and the
spin—orbit coupling effects of the high-spin Co(II) ion. Given
that only the nonmagnetic "F, ground state is populated at very
low temperatures, the magnetically isolated Co(1I) ion would
be responsible for the magnetic data in this domain.
Consequently, the magnetic data of 3 were analyzed through
the Hamiltonian [eqs 1—4].

H = Hyo + Hygq + Hyeoman (1)
Hyo = adleoScy = An(LinSia + LinSim) (2
Hy = A(ﬁzz,cc -2/3) 3)
I:IZeeman = ﬁH(_aﬁco + 2‘§Co + f’Lnl + 2§Lnl + ﬁan
+281,) )

The first term in eq 1 accounts for the spin—orbit coupling
effects, the second one corresponds to the axial distortion of the
Co(II) ion, and the third one is the Zeeman interaction. L = 1
(P—isomorphism)26 and S = 3/2 for Co(Il) and L =3 and S =3
for Lnl = Ln2 = Eu(Ill). a is defined as & = Ak, with A being a
parameter whose value depends on the strength of the crystal
field [its value varies between 3/2 (weak crystal field) and 1
(strong crystal field)]*° and being the orbital reduction factor.
Aco and Ap, are the spin—orbit coupling parameters of the
Co(II) and Eu(IIl) ions, respectively, and A is the energy gap
between the singlet 4Azg and doublet 4Eg levels issued from the
splitting of the orbital triplet 4TIg ground state under an axial
distortion (see Figure 11). Best-fit parameters through matrix
diagonalization techniques by using the VMPAG program”’ are
a=129(1), A = —1860(20) cm™, A, = —110(2) cm™’, and
Aga = +340(3) cm™. The theoretical curve reproduces well the
experimental data in the entire temperature range explored.

6305

. (08
Ay, .
— ju—
A 4T o
A * ——

E, -
_V ] . .

A<0

4

”,

Ix2-y2> 122>

I.rz-)*3>+'

% lyz> Lry> Ixz> %"_> _Hﬁ
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The value of Ag, agrees with those in the literature®® and
those of k = 0.85 (calculated by assuming A = 3/2) and A¢, are
within the range of those reported for octahedral Co(II) ions
surrounded by six oxygen atoms.”” Finally, the negative value of
A indicates that the orbital doublet 4Eg is the ground level for
the octahedrally compressed Co(II) ion (D, symmetry) in 3,
as shown in Figure 11. Although the sign of A is difficult to
determine by the fit of the magnetic data of polycrystalline
samples, in the present case, this sign is strongly supported by
the fact that the value of y,,T at 2.0 K for 3 is 2.20 cm® mol ™! K,
which is a value that can only be attained for magnetically
isolated six-coordinate Co(II) ions with negative values of A
below —1600 cm™.*° For positive A values (elongated
octahedron), the value of y,T at low temperature tends to
1.7—1.8 cm® mol ™! K.*°

In order to visualize the magnetic behavior of such unusual
octahedrally compressed Co(Il) ion as well as the correspond-
ing one for Eu(lll), the theoretical y\T curves for a Co(II)
(middle dashed line) and two magnetically isolated Eu(III) ions
(bottom dashed line), calculated by using the above determined
best-fit parameters, are included in Figure 7.

At room temperature, y,,T for 4 is equal to 3.80 cm® mol ™' K
(Figure 8). This value is somewhat above that which is
expected for a magnetically noninteracting six-coordinate high-
spin Co(II) ion with an unquenched angular momentum
(values of y,,T varying in the range of 3.4—2.7 cm® mol™! K)*
plus two magnetically isolated Sm(III) centers [yyT per
Sm(III) equal to 0.09 cm® mol™* K for the Hj, low-lying state
(4F,7=5/2,L =5, =2/7,and S = 5/2)]. As the °H ground
state for Sm(III) is split into six levels by the spin—orbit
coupling, the energies increasing from “H/, to °H,s),, the first
excited state (°H;/,) would be populated at room temperature
[A for the Sm(III) ion is ca. 200 cm™!],*' this feature
accounting for this greater value of y,,T for 3. Upon cooling,
xuT continuously decreases to reach a value of 2.12 cm® mol™"
K at 2.0 K. The decrease of yyT in the high-temperature
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domain is due to spin—orbit coupling and crystal-field effects of
the Co(Il) and Sm(III) ions.

Because of the extremely weak spin density on the Sm(III)
ion at low temperatures [y T per one Sm(III) at 2.0 K being
ca. 0.09 cm® mol™' K), the magnetic interactions in the
Sm(III)—Sm(1II) and Co(II)—Sm(III) would be negligible.
This is supported by the M versus H plot at 2.0 K (see Figure
S6 in the Supporting Information), where one can see how the
magnetization data of the isostructural compounds 3 and 4 are
practically superimposed upon each other, the value of the
saturation magnetization corresponding to a magnetically
isolated six-coordinate Co(II) ion.”’ Consequently, the
magnetic susceptibility data of 4 were analyzed through the
Hamiltonian of eqs 1—4 with L = 1 and § = 3/2 for Co(II) and
L=5and S =5/2 for Lnl = Ln2 = Sm(III). Best-fit parameters
obtained by matrix diagonalization techniques through the
VMPAG program lead to the following set of parameters: a =
1.29(1), A = —1004(10) cm™, Ac, = —148(2) cm™, and A, =
+194(2) cm™. The theoretical curve matches well with the
experimental data in the entire temperature range investigated.
The value of g, agrees with those given in the literature.” The
middle and bottom dashed lines in Figure 8 represent the
theoretical y\ T curves (using the above best-fit parameters) for
an isolated Co(II) ion and two independent Sm(III) ions,
respectively. The magnetic behavior for the Co(Il) in 4 is
similar to that shown for the Co(II) ion in the isostructural
europium(I1I) derivative (3).

uT for 5 at 300 K is equal to 18.82 cm® mol™"' K, a value
which is as expected for a magnetically isolated high-spin
Co(Il) ion with an important orbital contribution plus two
magnetically noninteracting gadolinium(III) ions [T = 15.75
cm® mol™ K per two Gd(III) ions with Sgq = 7/2 and ggq =
2.0]. Each Gd(III) ion has a ®S,, ground state (4f", J=7/2, L =
0 and S = 7/2, and ggq = 2.0) being located at some 10* cm™
below the first excited state. Upon cooling, y;,T follows a Curie
law until 140 K and further monotonically decreases to reach
15.80 cm® mol™' K at 2.0 K (Figure 9). Spin—orbit coupling
effects of the six-coordinate high-spin Co(II) ion together with
weak antiferromagnetic interactions between the Gd(IIl) ions
through double oxo(carboxylate) and double syn—syn carbox-
ylate bridges would account for the observed decrease of y)T.
In this respect, an antiferromagnetic coupling (J) close to —0.04
cm™' through this pathway is predicted according to the
literature.**

Having this in mind, the magnetic data of 5 were treated
through the Hamiltonian of eqs 5—9.

H = Hyo + Hyyy + I:IExchange + Hyeoman (3)
Hyo = adlc,Sc, (6)
i = AL ¢, = 2/3) @)
I:IExchange = _]§Gd1§Gd2 (8)

I:IZeeman = ﬁH(_aﬁCo + 2§Co + nglngl + ngngdZ)
©)
The first and second terms in eq S account for the spin-obit
coupling effects and axial distortion of Co(II) ion, the third one
concerns the isotropic exchange (Jgagq is the exchange coupling

parameter), and the last one is the Zeeman interaction. Best-fit
parameters are o 1.28(1), A = —1100(11) ecm™, A, =
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—130(2) em™, Jgaga = —0.035(1) cm™, and ggq = 2.00(1). A
good match between the theoretical curve and the magnetic
data is obtained over the entire temperature range investigated.

The magnetization for § at S T (the maximum available field
in our magnetometer) is 1620 uy (see Figure S6 in the
Supporting Information), a value that is quite close to the
saturation magnetization and that would correspond to a set of
two Gd(III) ions and a six-coordinate Co(Il) ion. The
theoretical curve for a pair of Gd(III) ions magnetically
interacting with ggq = 2.0 and Jgagq = —0.035 cm™" is shown as
a dashed line in Figure 9, while the theoretical curve for an
isolated Co(II) ion (using the above best-fit parameters) is
shown in Figure S7 in the Supporting Information.

xuT for 6 at 300 K is equal to 27 cm® mol™ K (Figure 10).
This value is as expected for a magnetically isolated six-
coordinate high-spin Co(Il) ion with an important orbital
contribution plus two magnetically noninteracting Tb(III) ions
[xuT = 11.81 cm® mol™" K per one Tb(III) ion, with a "F4 low-
lying state (4f%, ] = 6, L = 3, gy = 3/2, and S = 3)]. Upon
cooling, y)T smoothly decreases until 50 K and it further
exhibits an abrupt decrease to reach 8.30 cm® mol™ K at 2.0 K.
The M vs H plot for 6 at 2.0 K (see Figure S6 in the Supporting
Information) is far from reaching the saturation and the
magnetization attains a value of 11.80 yg at S T. The decrease
of yyT in 6 is governed by the spin—orbit coupling effects of
the six-coordinate Co(II) ion plus the thermal depopulation of
the Stark levels of the Tb(IIl) ion. Unfortunately, the
overparameterization produced by introducing the crystal
field parameters for Tb(III) precludes an unambiguous
determination of the magnetic parameters.

However, assuming that the magnetic contribution of the
octahedrally compressed Co(II) ion in 6 is equal to that
estimated for this cation in S, and by subtracting the
corresponding T curve to the experimental one, it is possible
to visualize the corresponding yT curve of the diterbium(III)
pair in 6. The dashed line in Figure 10 corresponds to this plot.
One can see therein that the low value of y,T at 2.0 K [ca. 2.65
cm?® mol ™" K for each Tb(III) ion] unambiguously supports the
occurrence of a weak antiferromagnetic coupling between the
Tb(III) ions through the double oxo(carboxylate) and double
syn—syn carboxylate bridges.

B CONCLUSION

The six new complexes presented here add new examples to
the scarce list of the 3d—4f heteronuclear coordination
polymers built up from polycarboxylate ligands. The prepara-
tion of these heterometallic systems is not an easy task, and
serendipity sometimes plays a key role in obtaining new
compounds. The use of the bta ligand with its high
coordination ability can efficiently bind the lanthanide ions
and act as a bridge between them or toward 3d metal ions.
However, the unpredictability in the preparation of these
systems is reflected in the different crystal structures of
complexes 1 and 2 and 3—6; it is also reflected by the fact
that only the syntheses with Eu(Il), Sm(III), Gd(III), and
Tb(III) yielded heterometallic coordination polymers.

Despite the synthetic issues, the crystal structures support the
trend of the lanthanide atoms to form dinuclear entities. The
presence of a compressed six-coordinated Co(II) ion in 3—6
allowed us to carry out a thorough analysis of its magnetic
behavior, as well as analyze the efficiency of the double
oxo(carboxylate) and double syn—syn carboxylate bridges as
exchange pathways for some trivalent lanthanide ions.
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