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Lanthanide-organic coordination polymeric networks of [Ln"y(suc)s(H20),]-0.5H,0 [suc = succinate dianion, Ln =

Pr (1), Nd (2), Sm

(3), Eu (4), Gd (5), and Dy (6)] have been synthesized and characterized by single-crystal X-ray

diffraction analyses. The structural determination reveals that complexes are isomorphous, all crystallizing in monoclinic
system, space group /2/a. The complexes possess a 3D architecture with Ln ion in a nine-coordination geometry
attained by eight oxygen atoms from succinate and one oxygen atom from an aqua ligand. Low-temperature magnetic
study indicates that ferromagnetic interaction is present in case of Gd(lll) and Dy(lll). Antiferromagnetic interaction
is observed for the rest of the complexes. Density functional theory calculations are performed which support the
existence of a superexchange ferromagnetic coupling in Gd(lll) ions, whereas classical crystal field model has

been applied to study the complexes 1, 2, 3, and 6.

Introduction
Coordination polymers of rare-earth metals have receive

significant attention in the current research because of their

wide range of application such as magnetic matédiaf,id
crystals? luminescent sensors and light converfetsno-

lecular-recognition and chirality-sensing agents in bioldgy,

¢ DNA hydrolysis promoter§ shift reagent in NMR spectros-

copy,/ tags for time-resolved luminescence microscdpy,
magnetic alloys for refrigeratiohprecursors for supercon-
ducting material$® MRI contrast agent, and reagents in
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Properties of [LA" ;(Succinate}(H,0),]-0.5H,0 Networks

organic synthesis and cataly&?s?Literature survey shows the extent of antiferromagnetism lies in the range 0.845
that reports of lanthanide coordination frameworks dealing |J| < 0.21 cnt%.2° To the best of our knowledge, only a few
with magnetic properties are scarce in comparison to gadolinium-containing networks are reported to date showing
transition metals. This is attributed to the simplified spin ferromagnetic interactiodsand, in all cases, carboxylates
Hamiltonian approach, useful in understanding and param-are used as building blocks, for example, 3D malonato-
etrizing the magnetic interaction in case df metal ions bridged Gd(IIl) complex reported by HEmaez-Molina et
but is not applicable in lanthanide systems for the presenceal. ?'* except in the very recent complex with dinitrogen as
of large unquenched orbital angular momentdnThe the bridging grougi® where some magneto-structural cor-
presence of this large unquenched orbital momentum gener+elations based on density functional theory (DFT) calcula-
ates magnetic anisotropy which is required for magnetically tion are presented.
ordered materials with large coercive fiefds> As a matter of fact, a few papers of succinato-bridged
Moreover, since the magnetic interactions involved in the |anthanide (Sc, Y, La, Pr, Gd, Er, and%&3 networks report
f electron pairs are weak, and sometimes masked by theonly the synthesis and structural characterization and are
crystal field effects on the magnetic susceptibility, the devoid of low-temperature magnetic study. These observa-
analysis of the experimental data becomes more diffféult, tions have prompted us to synthesize and evaluate magnetic
and no simple models are available for the qualitative interactions in the lanthanide carboxylate system by using
interpretation and rational analysis of the magnetic propertiesthe flexible succinate dianion, which possesses the ability
of lanthanide analogues to those developed for transition-to form architecture with metal ions of diverse size and shape
metal ions'®'® Thus researchers, attracted in exploring adopting different coordination mod&The Present Con-
lanthanide ions in the field of molecule-based magnetic tribution reports syntheses and crystal structures of'j.n
materials, are facing extreme difficulty in the interpretation (suck(H,0),]-0.5H,0 [suc= succinate dianion, Lr= Pr (1),
of magnetic properties because of the lack of qualitative Nd (2), Sm @), Eu @), Gd (5), and Dy 6)] along with the
models. However, for the gadolinium(lll)’§fsystem, which low-temperature magnetic studiesbf2, 3, 5, and6. DFT
has no orbital momentum, some publications describing the calculations have been performed on the Gd(Ill) complex
structural network as well as magnetic properties have beento clarify the nature and the extent of the magnetic interac-
recently reported?® 2! Generally, the interaction between the  tions. These calculations furnish also the theoretical support
adjacent gadolinium ions is antiferromagnetic in nature and in interpreting the observed magnetic data.
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Table 1. Crystal Data and Structure Refinementlef6

Manna et al.

1 2 3 4 5 6
empirical formula GoH17P12014.5 C12H17Nd20145 C1H17SmO14.5 C12H17EWO145 Ci2H17GkO145 CiH17Dy2014.5
formula mass, g mot 675.08 681.74 693.96 697.18 707.76 718.26
cryst system monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic
space group 12/a 12/a 12/a 12/a 12/a 12/a
a, 14.015(3) 13.981(3) 13.919(3) 13.894(4) 13.865(4) 13.825(2)
b, A 7.944(2) 7.910(2) 7.842(2) 7.809(2) 7.787(2) 7.7180(7)
c A 17.615(4) 17.561(4) 17.457(4) 17.421(6) 17.381(3) 17.321(3)
p, deg 102.05(2) 101.71(2) 101.15(3) 101.04(2) 101.02(2) 101.02(2)
z 4 4 4 4 4 4
v, A3 1917.9(8) 1901.7(8) 1869.5(8) 1855.1(9) 1842.0(8) 1814.1(4)
D (calcd), g cni® 2.338 2.381 2.466 2.496 2.552 2.630
M (Mo Ka), mmt 5.093 5.473 6.295 6.775 7.214 8.251
F(000) 1292 1300 1316 1324 1332 1348
6 range, deg 2.9631.09 2.83-28.28 2.86-30.57 2.8731.05 2.88-30.57 3.04-30.59
no. of collcd data 12098 9268 11703 12453 10124 10735
no. of unique data 2903 2123 2279 2948 2799 2493
Rint 0.0228 0.0333 0.0434 0.0330 0.0681 0.0330
observed > 24(1) 2519 1753 2275 2590 2376 2362
goodness of fitE?) 1.149 1.159 1.062 0.996 1.012 1.120
parameters 141 141 141 141 141 141
R1 (I > 20(1))2 0.0304 0.0518 0.0291 0.0278 0.0300 0.0281
wR22 0.0894 0.1526 0.0776 0.0714 0.0694 0.0790
Ap, elA3 1.438,—0.663 2.776:-2.249 1.048,-1.746 1.329,-0.657 1.376;-1.167 1.303;-0.855

AR1(Fo) = 3IIFol — IFcll/XIFol, WR2(Fe?) = [ZW(Fo* — FA)F3W(Fo?)7"2

reaction mixture was transferred to a Teflon-lined steel vessel and (s); 1305 (s); 1215 (m); 1177 (m); 1049 (w); 1002 (m); 954 (w);

was heated for 24 h at 178C. Colorless crystals (80% yield)
suitable for X-ray analysis were obtained overnight by cooling the
vessel to room temperature-27 °C). Found (%): C, 20.32; H,
2.42. Calcd for GH1/GhO145 (707.76) (%): C, 20.34; H, 2.40.
The IR spectra exhibited the bands in the following regions: 3480
3025 (sbr); 1569 (vs); 1456 (vs); 1427 (vs); 1402 (vs); 1305 (m);
1215 (m); 1176 (m); 1002 (w); 908 (w); 651 (vw); 572 (vw) chn
Syntheses of [Lr(suck(H20),]-0.5H,0 [Ln = Pr (1), Nd (2),
Sm (3), Eu (4), and Dy (6)]All these complexes were synthesized
as the procedure adopted for complBxusing praseodymium
chloride hexahydrate (0.236 g, 0.66 mmol), neodymium nitrate

910 (w); 878 (w); 691 (m); 654 (m); 572 (w); 530 (vw) ctha
Crystallographic Data Collection and Refinement.Crystal data

and details of data collections and refinements for the structures

reported are summarized in Table 1. All the data collections were

carried out at 293(3) K using Mo & radiation § = 0.71073 A)

on a Nonius DIP-1030H system. Cell refinement, indexing, and

scaling of the data set were performed using programs Denzo and

Scalepack® According to Mighelf® that “the maximum in utility

of crystallographic data will be achieved if the experimentalist ...

selects the type of cell centerinigdr C) that leads to a conventional

cell based on the shortest vectors in the ac plane (b-axis unique)”,

hexahydrate (0.292 g, 0.66 mmol), samarium chloride hexahydrate@ll structures were solved in space grddfa. The structures were
(0.243 g, 0.66 mmol), europium chloride hexahydrate (0.242 g, 0.66 refined by the full-matrix least-squares method on the basf of
mm0|), and dysprosium nitra’[e pentahydrate (0289 g, 0.66 mm0|) W|th a” Observed reﬂectlong.A reS|dUaI present n amF mapS

for complexedl, 2, 3, 4, and6, respectively. Suitable crystals bf
(light green),2 (violet), 3 (light yellow), 4, and 6 (colorless) for
X-ray diffraction analysis were obtained overnight on cooling the

and located on 2-fold axis, was interpreted as a water oxygen with
a population parameter of 0.25. However, it is not to be excluded
that the amount of water might be slightly different in some

reaction vessels. The yields were 82%, 78%, 80%, 75%, and 70%compounds. All the calculations were performed using the WinGX

for 1, 2, 3, 4, and®6, respectively.

Elemental analyses are in good agreement with the calculate
values. L) Anal. Calcd for GoH;7P0145(675.08) (%): C, 21.33;
H, 2.51. Found (%): C, 21.35; H, 2.49. IR spectra: 348835
(sbr); 1560 (vs); 1433 (vs); 1402 (vs); 1303 (m); 1215 (m); 1174
(w); 646 (vw) cnTl. (2) Anal. Calcd for GoH17Nd>O145 (681.74)
(%): C, 21.12; H, 2.49. Found (%): C, 21.15; H, 2.46. IR spectra:
3436-3190 (sbr); 1560 (vs); 1450 (vs); 1402 (vs); 1303 (m); 1215
(m); 1176 (m); 1001 (vw); 906 (vw); 648 (w); 570 (w) crh (3)
Anal. Calcd for GoH17Smp0O145(693.96) (%): C, 20.75; H, 2.44.
Found (%): C, 20.73; H, 2.45. IR spectra: 3473040 (sbr); 1563
(vs); 1430 (vs); 1400 (vs); 1311 (m); 1219 (m); 1009 (w)¢ém
(4) Anal. Calcd for GoH17EWw0,45(697.18) (%): C, 20.65; H, 2.43.
Found (%): 20.64; H, 2.44. IR spectra: 3468035 (shr); 2928
(w); 2920 (w); 2863 (vw); 1567 (vs); 1567 (vs); 1427 (vs); 1403
(vs); 1305 (s); 1215 (s); 1176 (s); 1049 (m); 1001 (w); 974 (w);
907 (w); 877 (vw); 811 (w); 688 (m); 651 (m); 572 (w); 527 (vw)
cm L. (6) Anal. Calcd for GoH;17Dy,0145(718.26) (%): C, 20.04;
H, 2.36. Found (%): 20.05; H, 2.35. IR spectra: 348050 (shr);
2983 (w); 2920 (w); 1575 (vs); 1541 (vs); 1457 (s); 1428 (s); 1403
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d Magnetic Measurements.The temperature dependence of the

magnetic susceptibility of all the complexes was measured with a
Cryogenic S600 SQUID magnetometer in the temperature range
3—290 K with an applied field of 0.099 T. Except for the Gd
compound, the magnetic behavior of all the other complexes was
reproduced in the framework of the classical crystal field model.
The magnetic susceptibility, calculated in any case for a single 4f
ion, was reproduced by applying the Van Vleck equation using
only the energy levels originated by the splitting of the ground
multiplet. The fittings of all the experimental data were performed

(25) Otwinowski, Z.; Minor, W. Processing of X-ray Diffraction Data
Collected in Oscillation Modeln Macromolecular Crystallography
Carter, C. W., Jr., Sweet, R. M., Eds.; Methods in Enzymology,
Volume 276, Part A; Academic Press: 1997; pp 3G26.

(26) Mighell, A. D. Acta Crystallogr., Sect. B003 59, 300. Monoclinic
space grouft 2/c, achieved through ¢l 0 1, 0 1 0,-1 0 O matrix,
leads to a larger value (ca. 12%or the 8 angle and to longer axes in
the ac plane.

(27) Sheldrick, G. MSHELX97 Programs for Crystal Structure Analysis
release 97-2; University of Gtingen: Gitingen, Germany, 1998.

(28) Farrugia, L. JJ. Appl. Crystallogr 1999 32, 837.
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by minimizing the function

Z[XiObs_ Xicalqz Ti2
F=—

z [XiObSTi]2

using the MINUIT program packageé.

Computational Methods. All the calculations were performed
in the framework of density functional theory (DFT)with the
NWChem program packagéThe calculations were performed on
trinuclear complexes appropriately chosen to model the relevant

exchange pathways detected in the crystal structure as described

in the text. The hybrid B3LYP function® was used in all the
calculations. The electron doubiehasis set proposed by Dunning
and Hay?® was applied to all the atoms except for Gd that was
treated using the Stuttgart relativistic small effective core potentials
and the corresponding optimized basis *¥dRopulation analysis
based on natural atomic orbitals (NAO) and natural bond orbitals
(NBO)®* was performed using the NBO 5.0 prog&implemented

in NWChem. Calculations of the exchange coupling constant were
performed using the broken symmetry formalféms described in
the text. All the calculations were performed using the “xfine” grid
option to achieve an energy convergence ofélitartree (2x 103
cmY).

(29) James, FMINUIT, version 94.1; CERN Program Library, CERN:
Geneva, Switzerland.

(30) Reviews of Modern Quantum Chemistr$gen, K. D., Ed.; World
Scientific: Singapore, 2002; Vol.-12.

(31) (a) Apra E.; Windus, T. L.; Straatsma, T. P.; Bylaska, E. J.; de Jong,
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Harrison, R.; Dupuis, M.; Smith, D. M. A.; Nieplocha, J.; Tipparaju,
V.; Krishnan, M.; Auer, A. A.; Brown, E.; Cisneros, G.; Fann, G.;
Fruchtl, H.; Garza, J.; Hirao, K.; Kendall, R.; Nichols, J.; Tsemekhman,
K.; Wolinski, K.; Anchell, J.; Bernholdt, D.; Borowski, P.; Clark, T.;
Clerc, D.; Dachsel, H.; Deegan, M.; Dyall, K.; Elwood, D.; Glenden-
ing, E.; Gutowski, M.; Hess, A.; Jaffe, J.; Johnson, B.; Ju, J.;
Kobayashi, R.; Kutteh, R.; Lin, Z.; Littlefield, R.; Long, X.; Meng,
B.; Nakajima, T.; Niu, S.; Rosing, M.; Sandrone, G.; Stave, M.; Taylor,
H.; Thomas, G.; van Lenthe, J.; Wong, A.; Zhang,NA/\Chem, A
Computational Chemistry Package for Parallel Computessrsion
4.6; Pacific Northwest National Laboratory: Richland, WA, 2004. (b)
Kendall, R. A.; Apra E.; Bernholdt, D. E.; Bylaska, E. J.; Dupuis,
M.; Fann, G. |.; Harrison, R. J.; Ju, J.; Nichols, J. A.; Nieplocha, J.;
Straatsma, T. P.; Windus, T. L.; Wong, A. T. High Performance
Computational Chemistry: An Overview of NWChem a Distributed
Parallel ApplicationComput. Phys. Commug00Q 128 260.

(32) Becke, A. D.J. Chem. Phys1993 98, 5648.

(33) Dunning, T. H., Jr.; Hay, P. J. INethods of Electronic Structure
Theory Schaefer, H. F., lll, Ed.; Plenum Press: 1977; Vol. 2.

(34) Stuttgart RSC 1997 ECP was obtained from the Extensible Compu-
tational Chemistry Environment Basis Set Database, Version 02/25/
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Figure 1. Detail of crystal packing in complexshowing the coordination
sphere of three Gd(lll) ions zigzag arranged along axisand the
conformations of succinate dianion (the same scheme applies also to other
complexes, symmetry codes indicated in Table 2).

Figure 2. Coordination sphere of lanthanide forming a tricapped trigonal
prism in all the structures reported.

Results and Discussion

Structure Descriptions. The structural determination of
[Lna(suck(H20)]-0.5H,0 complexes [Ln= Pr (1), Nd (2),
Sm @), Eu @), Gd ), and Dy 6)] reveals that these are
isomorphous and crystallize in monoclinic system, space
groupl2/a.

The X-ray diffraction analyses of complex&s 6 reveal
that lanthanide ions possess a nine-coordination geometry
which comprises eight oxygen atoms from succinate dianions
and one oxygen from a water molecule. In the frameworks,
lanthanide polyhedra and dicarboxylate anions form layers
which are interconnected by another organic anion to form
a 3D network. Thus, two crystallographic independent
dicarboxylates (Figure 1) are involved in the architecture
assembly: one along the [001] and the other in the [100]
direction in 1:2 ratio. Two adjacent Gd ions are connected
by three carboxylate groups, of which one acts as a bridge
in the usuak*:nt:u, mode while the other two serve as oxo-
carboxylate bridges in the less commgfintu, fashion.
Figure 1 shows a detail of the crystal structure5ofThe
coordination sphere results in a tricapped trigonal prism
illustrated in Figure 2. The analysis of coordination bond
lengths, reported in Table 2, indicates a range for-Dn
bond distances that varies in agreement with metal ionic
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Figure 3. Plot of cell volume vs ionic radius. ) . . .
. L Figure 4. Corrugated layers in the crystallographeb plane with
radius value. A plot of the cell volume vers#$ metal ionic lanthanide ions connected by €C4 succinate (coordinated water molecules

radius shown in Figure 3 reveals a monotonically decreasingnot shown, dotted lines indicate Gd chain of Figure 1).
trend and reveals also that cell parameters follow a similar
trend. The lanthanide polyhedra form a zigzag chain along
axish, with Ln(lll) ions disposed at a distance from 4.02 to
4.14 A and a La-Ln—Ln angle along the chain close to
147 for all the complexes (Table 2). The packing can be
described as built up of [LH.O),(suc)], layers parallel to
001 planes, containing the described polyhedra arrays,
connected by succinate fragments that behave as bridginc
(carboxylate O(1)C—0(2)) and chelating-bridging (O(3)
C—0(4)) toward four Ln(lll) cations. A packing view down
the [001] direction (Figure 4) evidences the described plane.
These planes, separated by half axiare joined by another
anion located on an inversion center that acts as chelating-
bridging in a symmetric fashion (carboxylate O{&)—0O(6)).
The resulting three-dimensional framework (Figure 5) is
responsible for the formation of small channel&@b of the
cell volumé®) containing disordered lattice water molecules. complexes (correspondent to 0.5 water molecule pes-[Ln
The two crystallographic independent succinate dianions have(suc)(H-0),] unit), taking into account the height of the peak
a gauche-staggered and an anti conformation, as indicatedn the Fourier map. Isomorphous structures of Y, L&?P#
by the torsion angle values along the carbon skeleton of ca.Gd3%and T8 (solved in space grou@2/c) were reported
72° for the anion inserted in thab plane and of 180.0for to contain a full lattice water molecule per formula unit. A
the other. careful analysis of displacement thermal parameters U&q (A
The lattice water molecule, that resides on a 2-fold axis, of the lattice water molecule in these compounds evidences
was refined with a site occupancy of 0.25 in all the values considerably higher (up to 7 times) in comparison

Table 2. Coordination Bond Lengths (A), Significant Geometrical Parameters, and Torsion AAplafstiie Succinate Dianion Connecting Lanthanide
in the ab Plane of1—6

0 a
Figure 5. Crystal packing showing layers connected by centrosymmetric
succinate fragments along axis

Coordination Bond Lengths and Geometrical Parameters

1Pr 2 3 4 5Gd 6
Ln—0(1) 2.504(3) 2.488(6) 2.461(4) 2.441(3) 2.427(3) 2.396(3)
Ln—0(2) 2.381(3) 2.378(5) 2.346(3) 2.325(2) 2.319(2) 2.288(2)
Ln—0O(3) 2.558(3) 2.533(6) 2.506(4) 2.494(3) 2.483(3) 2.459(3)
Ln—0O(4") 2.476(2) 2.461(5) 2.438(3) 2.434(2) 2.419(3) 2.394(2)
Ln—0O(4%) 2.605(3) 2.585(5) 2.558(3) 2.541(2) 2.536(3) 2.513(2)
Ln—0O(%) 2.541(3) 2.527(6) 2.509(4) 2.495(3) 2.481(3) 2.461(3)
Ln—0O(6) 2.474(3) 2.465(5) 2.438(3) 2.429(2) 2.427(3) 2.397(2)
Ln—0O(6) 2.533(2) 2.515(5) 2.485(3) 2.474(2) 2.462(3) 2.439(2)
Ln—O(1w) 2.556(3) 2.544(5) 2.507(3) 2.485(2) 2.474(3) 2.442(2)
Ln—Ln¢ 4.1356(10) 4.1187(10) 4.0852(10) 4.0692(10) 4.0585(10) 4.0249(4)
LndLn—Ln® 147.66(1) 147.58(2) 147.40(2) 147.28(1) 147.21(1) 146.99(1)
Torsion Angles
1 2 3 4 5 6
C1/C2/C3/c4 72.6(4) 72.3(9) 72.7(5) 72.1(4) 71.9(4) 72.6(4)

a—x+1,y—1/2,—z+ 1/2.b —x+ 3/2, -y + 1/2,—z+ 1/2.c—x+ 1,y + 1/2,—z+ 1/2.9x — 1/2,-y + 1, 2
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(G (ack H,0)51*

[Gdg(suc), (ack {(H,0)]®"

Figure 6. The trinuclear anionic model complexes used in the DFT calculations. The numbering of the Gd(lll) ions corresponds to that used in the spin
Hamiltonians (vide infra).

to those reported for coordinated oxygen atdfsithough two opposite oxygens from different GOgroups that act
the lattice water molecule does not have an effective outcomeas bischelating toward the nearby metal ion. This exchange
on structural and magnetic properties of these complexes,pathway is represented in Figure 6 with the model, trinuclear
we believe that the lattice water content should be consider-cluster anion [Gelac)(H.O)s]®>~ (ac = acetate). This
ably lower than that reported by other authors. However, fragment was obtained from the crystal structure by substi-
since site occupancy and thermal factors are strongly tuting the —CH,CO, residue of succinateyba H atom,
correlated, it is not to be excluded that the amount of solvent |eading to an acetate ion. These trinuclear units are linked
might be slightly different in some of the compounds of the alongc by succinates as shown for the model cluster anion
literature. [Gds(achi(suck(H20)]¢" in Figure 6. These two models
GdP®acand Ed® succinate complexes containing no lattice were used to compute the magnetic exchange coupling
water have also been reported. These 3D polymers crystallizeconstants to be compared with the experimental data. The
in triclinic space grougPl and contain two crystallographic  calculation of the exchange coupling constants requires the
independent lanthanide ions (Ln1, Ln2) and three succinates knowledge of the energies of the spin multiplets arising from
Both the metals possess a coordination sphere similar tothe vector coupling of th& = 7/2 ( = 1—3) spins of the
complexes1—6, formed by eight oxygen atoms from Gd(lll) anions. Since in the present casé =8 512 states
carboxylate groups and one oxygen atom from the water are possible, the computational task is enormous. Further-
molecule to furnish a tricapped trigonal prismatic geometry. more, the eigenstates &8f, whereS=S, + S, + S is the
However, the coordination modes of succinate ligands aroundtotal spin operator, cannot be in general expressed as single
Lnl and Ln2 ions are slightly different, and the shortest gjater's determinant, and the accurate quantum chemical
intermetallic distance was measured to be 4.0763(7) A(Eu  calculations of their energies would require a multiconfigu-
Eu) and 4.060 A (mean value) for the Gd complexes, the rational-configuration interaction (MECI) approach that
latter value being close comparable to that of derivafive  pecomes practically impossible for systems of such chemical

(Table 2). _ _ _ complexity. To circumvent this problem, a formalism was
Electronic Structure and Magnetic Properties of [Gd;- developed in recent years, and was widely applied, on the
(suck(H20)2]-0.5H0 (5). The crystal structure of [Gel basis of the calculation of the spin state energies arising from

(suck(H20)]-0.5H,0 shows the presence of extended infinite those configurations where the metal ions have their maxi-
extension along andc axes leading to different exchange mum spin multiplicity, that is;£7/2. These configurations
pathways. In the Gd(lll) chains, developing along alsjs  are only 2 for a trinuclear system, and the correspondent
the metal ions are bridged by a sysyn carboxylate and by energies computed at the DFT level are compared with those
obtained from a spin Hamiltonian to obtain the exchange
) 0 o, .5 g i 95 515 e, 1. couping costan In th pesent cas fout ndependent
Bu, X.-H. J. Mol. Struct 2005 740, 187. (c) Zhang, H.-T.; Song, Y.,  SPin configurations can be obtained by flipping one Gd(lll)

%g.-x.; Zuo, J.-L.; Gao, S.; You, X.-ZEur. J. Inorg. Chem2005 down from the high spin configuration and can be written
(39) Spek, A. L. PLATON packagécta Crystallogr., Sect A99Q C34, as|hsl = [+++LJ|10= [—++0J[20= [+—+0)30= [++—0)
(40) %6- ved 1 il hrouah the Cambridae D indicating with |[+Othe high spin stat&§ = 7/2 on theith
ata retrieved from original papers or through the Cambridge Data 1 H H
Base. Allen, F. H.. Kennard, O.: Taylor, Rcc. Chem. Resl983 Gd center. Four other configurations can be obtained by

16, 146. flipping the three spins in each set. These states are
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degenerate with the previous ones in the absence of aTable 3. CompléI_Ed Energies anlj Values (cgjl)afor
magnetic field and are not useful for the calculation. While [©d(ackH20)s]>" and [Gd(ach(suck(Hz0)q]

the |hsdconfiguration is an eigenstate 8F, the others are determinant B0 AE = E(hg) — E(n) (cm™)
only eigenstates d,. We will call the eigenstates & pure [Gds(acho(H20)s]3
spin states. The energies of the above four states can be :EEZI L+++++DD 507-;7( 2(;2705-)75) 7%%%
expressed using the spin Hamiltorfams = J1,5°S + 20 [+—+0 2277 (22.75) _0.96
I3S'S + IS S as |30= [++-0 22.77 (22.75) —0.66
le =-0.047 J13 =0.008 J23 =-0.035
_ 49 [Gds(ach(suck(Hz0)s]®"
E(hs) = B+ 4 [12+ Ji3 F Jodl @ lhss= [+++0  120.77 (120.75) 0.00
[10= [—++0 22.77 (22.75) -0.78
49 [20= [+—+0 22.77 (22.75) 0.01
E(l)=Ey,+ Z[_le —Ji3+ 3y (2 130= |++-0 22.77 (22.75) —0.80
le =0.001 J13 =0.000 .]23 =-0.032
49 aThe last digit is affected by the precision of the SCF convergehice.
E(2)=E,+ Z[—le + 15— Jy4 3 parentheses the expected values for orthogosalorbitals are reported.

49 exchange interaction through the succinate grodpsafid
E@)=E+ Z[le ~ i3~ 3 (4) Ji3 of [Gds(acki(suck(H.0)3]¢") is computed to be zero,
showing that these intrachain interactions should be negli-
whereE, is a spin independent term containing the average giple.
values of the kinetic energy of the electrons, the electron Despite the wide successes of DFT in computing the sign
nucleus repulsion, and so on. It is generally assumed thatand the relative order of magnitude of the magnetic exchange
this term does not depend on the spin distribution and coupling constant®,no information can be directly obtained
therefore cancels out while taking into account the energy from the calculation about the detailed mechanisms, (i.e
differences among eqs—#. This is surely true when the |ocalized atomic orbitals involved) governing the exchange
covalency of the metalligand bonds is small, like in Gd  pathways; ab initio CAS-CI techniques are the best tech-
complexes, but the assumption can be no longer valid in morenjques to achieve this informatiéhHowever, the electronic
general case$.Indeed, the above formalism requires that population of the Gd ions in the molecules gives some hints
the unpaired electrons are well localized onto the different i this direction. In all the calculations, the Mulliken spin
metal ions, but this localization can change according to the population (spin density, e on the Gd ions is close to
spin distributions and can cause the spin independent term;7.00+ 7.01] and is<0.00 on all the other atoms, indicating
to change from one configuration to another. In the presentthat all the unpaired spins are well localized onto the metal
case, the electron localization is almost perfect and inde- centers. The spin distribution computed for i@ (H,0)]3"
pendent from the spin configuration as can be seen from thejn the |hsCstate shows that a spin delocalization mechanism
population analysis as discussed later. Taking the differencess operative that spreads the electron spin about oxygens and
Ay between egs 1 and-2, the working eqs 57 for the  carbons (same sign of the bonded Gd), except for the methy!

calculations of thelj's are obtained: carbon atoms where a small negative spin density is
49 computed (spin polarization mechanism). The natural popu-
A= 7[‘312 + 3.4 (5) lation analysis (NPA) agrees with the Mulliken one: the spin

populations on Gd atoms are 6.986.99, the spin densities
on the bridging oxygens of acetate are 0.600.003, and
on the water oxygens they are 0.001. The NPA charges on
Gd are 2.59 corresponding to an electron configuration
A= 4_9[ Jiat+ Jod @) {[Kr1 .650-22 4f7-°3' 50?-15 6p°%4%. This population shows a
2 significant contribution of both 6s and 5d orbitals that can
The results of the DFT calculations on the complex anions contribute 1o fgrromagnetic p_athways, being orthogonal to
[Gds(achs(H:0)s*~ and [Gd(achu(suck(H,0)> are re- the 4f mf'ignetlc electrons. Similar calculat|0r_1$ have been
ported in Table 3. The computed expectation value§of reported in a relcent pap€f.The exchange coupling cogftant
for all the unrestricted open shell determinants agree well 723 (=0.03 cn1?), computed for [Gelachi(suck(H20)5]°",

Wlth the Values_ expected for weakly interacting magnetic (43) For an unrestricted open shell determinant, the expectation value of
orbitals (shown in parentheseé8f4The computed; values Sis given by[B= (No — Ng/2)2 + (No + Ng/2) — 5;i|S;%|2 where

show that a weak ferromagnetic coupling is operative ~ Si* is the overlap integral betweanand/s orbitals. When the last
term is zero, this corresponds to a complete localization of the magnetic

between centers bridged by carboxylate groups with an electron and the limit value of a restricted open shell system is reached.

average Coupling constadj, = —0.041 cm?, that agrees In this situation, the mapping of the unrestricted wave function with

. . . . the spin Hamiltonian is expected to hold.
well with the experimental findings (vide supra). The (44) (a) Szabo, A.; Ostlund, N. $dodern Quantum ChemistnDover

Publications: New York, 1996. (b) O'Brien, T. A.; Davidson, E. R.

49
A= 7[312 + 3y (6)

(41) With this spin Hamiltonian, a negative sign d§ indicates a Int. J. Quantum ChenR003 92, 294.
ferromagnetic coupling. (45) Cabrero, J.; Calzado, C. J.; Maynau, D.; Caballol, R.; Malrieu, J. P.
(42) Bencini, A.; Totti, F. Manuscript in preparation. J. Phys. Chem. 2002 106, 8146.

9120 Inorganic Chemistry, Vol. 45, No. 22, 2006



Properties of [LA" ;(Succinate)}(H,0),]-0.5H,0 Networks

11.5 r T T r - T T T T T
16} ]
11 [ - _"_++._++-“'*J_L‘_++__
il = 14 £ .
¥ 10.5 & Fx T
O - 5 12f -
o 95 i & 9
E G g
2 T
i - :
% es o = 08 { g
8 M&vﬁxzﬂvlmm?%vv:. 0.6 ]
?5 N L . ) 1 1 1 1 1 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300
K T(K)

Figure 9. Temperature dependence of the magnetic susceptibility of
The solid line represents the best fit curve obtained as described in the
text.

Figure 7. Temperature dependence of the magnetic susceptibilify of
The solid line represents the best fit curve obtained by the Eineiss
law (vide infra).

Table 4. Best Fit Parameters (cr®) Used in the Crystal Field

16 - I I ' I I y Calculations ofl, 2, and3
saraa st 0 2 0 2 4 0 2 4 6
T 14 ‘x‘*‘p""' - B B> B4 B4 B4 Bé Bg Bs Bé
= ik _ 1 1236 772.3-90.5 254.7 114.2-212  97.9 158.1—130.5
E 2 4928 1665 139.1 172.3 226.2-9.1 101.9 101.3 999.2
E 1p - 3 3346 810.8 434 232.1-254 10.6 —167.9 226  50.8
% os ]
ground state, it was not possible to use the previously
v . L L L] described models to interpret their magnetic properties, and
0 50 100 150 200 250 300 DFT calculations were not performed on these systems. The
il first attempt to reproduce the temperature dependence was

Figure 8. Temperature dependence of the magnetic susceptibili®z of ~made considering the 4f ions as isolated ones, and the

The solid line represents the best fit curve obtained as described in the magnetic properties were calculated in the framework of a

text. . . .
classical crystal field (CF) approach. In all the calculations,

is in good agreement with that obtained for jGt)(H,0)3~ an overallC,, symmetry was assumed in order to reduce
and shows that the succinate dianions are not effective inthe CF parameters.
transmitting the exchange interaction. The temperature dependence of the magnetic susceptibility

The room-temperature magnetic susceptibility of §Gd  of the Nd derivativeZ) down to 20 K was nicely reproduced
(suck(H-0),]-0.5H,0 agrees with the values usually found (Figure 8) with a ground Kramers doublet formed by a
for isolated Gd(lll) ion ¢*T = 7.82 emu mot! K- x Gd mixture of the|+7/200and|+5/2states with the next excited

ion) and increases up to 10.94 emu mdk~* as shown in doublet at 83 cmt. Below this temperature, the experimental
Figure 7. This behavior suggests the presence of somevalues are lower than the calculated ones (Figure 8). We
ferromagnetic interaction and the analysis of these data, bytherefore attempted to reproduce this behavior by assuming
using the Curie-Weiss equation, confirms the presence of the presence of some kind of magnetic interaction. According
an overall ferromagnetic interaction. The best fit parameters to the calculated CF splitting of tH#,, ground multiplet of
areC = 7.58(2) emu mol* K- and® = 0.593(4) K. The Nd(llI), only the ground doublet is thermally populated below
Weiss constant is related to the exchange coupling constan25 K. Therefore, we tried to reproduce the magnetic behavior
between adjacent centers 8y= —zJFS+ 1)/3k, assuming below this temperature with a molecular field (MF) approach
an exchange coupling constahequal for all thez nearest ~ using the effectiveges value of 2.67 obtained from the
neighbor centers, we gét= —0.039 cn! with z= 2. This composition of the ground Kramers doublet. The magnetic
value agrees well with the values af, and J,; computed ~ susceptibility was calculatéd as yue = x/(1 — nzJ/

for the model trimer [Gelack(H-0);]>~. We computed for ~ 0.2607298.?) where y is the magnetic susceptibility

[Gds(achi(suck(H20)s]®~ and observed that the valae= 2 calculated with the fixed CF parameters. The fitting proce-
is consistent with the negligible contribution of the exchange dure nicely reproduces the experimental pattern because of
pathways J;» and J;3). The magnetic data of [GEsuc)- the presence of a weak antiferromagnetic interaatioi—

(H20);]-0.5H,0 can also be fitted with other models, as for 0.11 cnt® (Figure 8). The CF parameters used in the
example, by using the Fisher appro#cfor a chain of calculations for all the complexes are collected in Table 4.
classical spins. The best fit is achieved with the parameters The temperature dependence of the magnetic susceptibility
ged = 1.99(1) andJ = —0.019(5) cm?. In any case, a for the Pr () and Sm 8) derivatives was reproduced with
ferromagnetic interaction is operative between the Gd ions. the CF parameters shown in Table 4. For both the complexes,
Magnetic Properties of (1), (2), (3), and (6)As these the experimental data were nicely reproduced in the whole
systems contain rare-earth ions with an orbitally degeneratetemperature range (Figures 9 and 10) without introducing
any kind of magnetic interaction. Probably, dipolar magnetic

(46) Bonner, J. C. IMagneto-Structural Correlations in Exchange Coupled
SystemsWillett, R. D., Gatteschi, D., Kahn, O., Eds.; NATO Asi
Series, C; D. Reidel Pub. Co.: 1985; Vol. 140, p 157. (47) O’Connor, C. JProg. Inorg. Chem1982 29, 203.
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18 T T T T T Thermal Analyses. Thermogravimetric analysis reveals

16 T that all the complexes upon heating lose 0.5 molecule of
£ 1al . 2 lattice water and 2 molecules of coordinated water in one
o il step (Figures 254S). The initial temperatureT{) for
E I . .
LA e I dehydration does not show any dependence on the atomic
= I number. TheT; corroborates the involvement of lattice water
= 0'6 ; in H-bonding. The dehydrated networks collapse~&00

' I °C.
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Figure 10. Temperature dependence of the magnetic susceptibiligy of
The solid line represents the best fit curve obtained as described in the Complexes of general formula ['a(suck(H20),]0.5H0

text. [suc = succinate dianion, Lr= Pr, Nd, Sm, Eu, Gd, and
Dy] have been synthesized and structurally characterized
_ through X-ray diffraction analysis revealing a three-
. dimensional network of Ln(lll) ions and carboxylate dian-
ions. The magnetic properties of the Pr, Nd, Sm, Gd, and
] Dy derivatives have been measured. DFT calculations of the
ui electronic structure of the Gd(lll) derivative show that
. e oo e exchange interactions are effective only between ions con-
10 L L L L . nected by bridging carboxylates. These findings give the
20 (||| a90 ;‘52) 00| =07 S0 basis for the interpretation of the magnetic properties of the
Figure 11. Temperature dependence of the magnetic susceptibiliéy of complex. The exchange mtergctlon'bet\{ve.en Gd(lll) lons was
computed to be ferromagnetic which is in nice agreement
with the experimental findings. Antiferromagnetic interac-
tions have been found to be operative between Nd(lll) ions,
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interactions are still active, but their effects are less effective
than crystal field ones that overcome any possible magnetic™~" . _
interaction. while they are negligible in the Pr(lll) and Sm(lll) com-

The temperature dependence of the magnetic susceptibilityP/€x€S. The magnetic properties of the Dy(lll) derivative
of the Dy derivativé® is shown in Figure 11. The continuous showed a net increase of the effective magnetic moment on

increase of theyT values on lowering the temperature Qecreas_ing the tem.peraturel, an_d the origlin of this pote_ntially
indicates the presence of ferromagnetic interaction as ex-Interesting magnetic behavior is the topic of deeper inves-

pected for Dy(Ill) ion' and it is strong enough to overcome  tigations.
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