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Four gadolinium(lll) complexes with dicarboxylate ligands of formulas [Gdy(mal)s(H20)s]q-2nH,0 (1), [Gdz(mal)s-
(H20)g]n (2), [NaGd(mal)(0x)(H20)3]» (3), and [Gda(0x)3(H20)e]2+2.5nH,0 (4) (mal = malonate; ox = oxalate) have
been prepared, and their magnetic properties have been investigated as a function of the temperature. The structures
of 1-3 have been determined by X-ray diffraction methods. The crystal structure of 4 was already known, and it
is made of hexagonal layers of Gd atoms that are bridged by bis-bidentate oxalate. Compound 1 is isostructural
with the europium(lil) malonate complex [Euz(mal)s(H20)s],-2nH20,! whose structure was reported elsewhere. The
Gd atoms in 1 define a two-dimensional network where a terminal bidentate and bridging bidentate/bis-monodentate
and tris-hidentate coordination modes of malonate occur. Compound 2 has a three-dimensional structure with a
structural phase transition at 226 K, which involves a change of the space group from 2/a to la. Although its
structure at room temperature was already known, that below 226 K was not. Pairs of Gd atoms with a double
oxo—carboxylate bridge occur in both phases, and the main differences between both structures deal with the Gd
environment and the H-bond pattern. 3 is also a three-dimensional compound, and it was obtained by reacting
Gd(I1) ions with malonic acid in a silica gel medium. Oxalic acid results as an oxidized product of the malonic acid,
and single crystals of the heteroleptic complex were produced. The Gd atoms in 3 are connected through bis-
bidentate oxalate and carboxylate—malonate bridges in the anti—anti and anti—syn coordination modes. Compounds
1 and 2 exhibit weak but significant ferromagnetic couplings between the Gd(lll) ions through the single (1) and
double (2) oxo—carboxylate bridges, whereas antiferromagnetic interactions across the bis-bidentate oxalate account
for the overall antiferromagnetic behavior observed in 3 and 4.
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Magnetostructural studies on polynuclear complexes, illustrated by the fact that there is only one example of a
aimed at understanding the structural and chemical factorsGd(lll) chain exhibiting ferromagnetic interactioffs=inally,
that govern the exchange coupling between paramagnetidt deserves to be pointed out that the number of polynuclear
centers, are of continuing interést?® Although the magnetic ~ Gd(lll) compounds for which structural and magnetic data
interactions between 3d ions are reasonably well understoodare available is quite low and also that the factors that govern
the situation with the magnetic coupling between lanthanide the nature and magnitude of the G¢d interaction have
ions is much less advanced. Given that the Gd(lll) cation not been clarified. Then, the preparation and magnetostruc-
has &S, ground state without first-order orbital momentum, tural characterization of new polynuclear Gd(lll) compounds
its compounds are the most appropriate to get further insightsare of great interest.

in the study of the magnetic properties of lanthanide- |n this work, we report the synthesis, X-ray crystal
containing polynuclear systems. Although for a long time it stryctural determination, and magnetic characterization of

was thought that the magnetic coupling between Gd(lll) ions four Gd(lll) complexes of formulas [G¢mal)(H20)s].*

was antiferromagnetit;, 3* a few recent reports have dem-
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2D and 3D Networks of Gd(lll) with Dicarboxylate Ligands

Table 1. Crystal Data and Details of the Structural Determination

1 3 4

T,K 293(2) 293(2) 173(2) 293(2) 293(2)

empirical formula @Hzoolngz Cngsolngz Cnggolngz CsHsGdNaQO CGH17020,5Gd2

MW 746.75 728.73 728.73 406.34 731.72

cryst syst orthorhombic monoclinic monoclinic orthorhombic monoclinic

space group Pmnb Pla la Pbca Ri/a

a A 8.0896(17) 11.1064(10) 11.0319(18) 12.1012(7) 10.0549(4)

b, A 12.179(2) 12.2524(10) 12.254(2) 12.2827(10) 9.6066(3)

c, A 20.433(3) 13.6098(10) 13.453(2) 12.6578(5) 11.0306(6)

B, deg 92.925(10) 91.850(3) 114.097(4)

vV, A3 2013.1(6) 1849.6(3) 1817.7(5) 1881.4(2) 972.63(7)

z 4 4 4 8 2

index ranges —10=<h=<38 —15=<h=<0 —13=<h=<14 —11=<h=<15 —14<h=<6
—12<k=<15 —3=<k=17 —15=<k=11 —15=<k=15 —13=<k=11
—24=<1=<26 —19=<1=<19 —-15=<1=17 —-16=<1=11 —-9=<1=<15

pcaic (Mg m—3) 2.417 2.617 2.663 2.869 2.536

A(Mo Ko, A 0.710 73 0.710 73 0.710 73 0.710 73 0.710 73

A(Mo Ka), mmt 6.623 7.201 7.328 7.145 6.861

R1,1 > 20(l) (all data) 0.0562 (0.0893) 0.0200 (0.0251) 0.0271 (0.0291) 0.0328 (0.0725) 0.0348 (0.0621)

wR2,| > 20(1) (all data) 0.1306 (0.1431) 0.0527 (0.0544) 0.0619 (0.0623) 0.0442 (0.0494) 0.0806 (0.0934)

meas reflnsRint) 12057 (0.1091) 2800 (0.0177) 4774 (0.0377) 10597 (0.0663) 5842 (0.0354)

indep reflns [ > 20(1)]
cryst size (mm)

2406 (1740)
0.04 0.06x 0.36

2637 (2389)
0.02x 0.04x 0.10

3220 (2874)
0.02x 0.04x 0.10

2140 (1459)
0.14x 0.08x 0.02

2797 (2085)
0.04x 0.06x 0.16

the ternary lanthanidemalonate-oxalate system (case of huge part of the reaction out of control. Then the synthetic
3) is unprecedented. Ferromagnetic coupling occurs in conditions that allow the formation of the oxalic acid from malonic
Complexesl and 2, whereas an overall antiferromagnetic acid could be aChleVed in the gel. ThlS tran;formation had been
behavior is observed i and4. obse_rved prewoysly in the €e-malonic acid system, and a
reaction mechanism was propogéd.
[Gd2(0x)3(H20)6]n2.5nH 20 (4). Although compound! can be
obtained by following the synthetic route that was described by
Materials. Reagents and solvents used in all of the syntheses Hanssord we used an alternative procedure similar to that described
were purchased from commercial sources and used without furthersg, 1. An aqueous solution of 0.2 M oxalic acid (4 mL) was used
purification. Elemental analyses (C and H) were performed on an jnstead of malonic acid, and the pH was adjusted to 4.35. Colorless
EA 1108 CHNS-O microanalytical analyzer. plate-like single crystals were grown after a few days.
Preparation of the Complexes.Single crystals ofl—4 have Physical TechniquesIR spectra (4564000 cnt?) of 1—4 were
been grown in a silica gel medium through the techniques describedrecorded on a Bruker IF S55 spectrophotometer with samples
by Henisch’® prepared as KBr pellets. Magnetic susceptibility measurements on
[Gdz(mal)s(H20)s]a*2nH20 (1). An aqueous solution of 1 M polycrystalline samples df—4 were performed in the temperature
sodium metasilicate (5 mL) was poured into a solution of 1 M ranges 2300 K (1, 3, and4) and 2-200 K (2) with a Quantum
malonic acid (4 mL), whose pH was adjusted to 4.46. The mixture pesign SQUID magnetometer. Diamagnetic corrections of the
was introduced into test tubes, covered, and stored for 1 day atconstituent atoms were estimated from Pascal's con€tantde
room temperature to allow the formation of the gel. Finally, an  —200 x 1076 (1), —187 x 1076 (2), —189 x 1076 (3), and—185
aqueous solution of 0.1 M gadolinium(lll) nitrate hexahydrate (2 x 1076 (4) cm?® mol* (per Gd atom). Experimental susceptibilities
mL) was placed on the gel, with care being taken to avoid damage were also corrected for the temperature-independent paramagnetism
of the surface of the gel, and the tubes were stored at@0  and the magnetization of the sample holder. Differential scanning
Colorless needles dfthat were suitable for X-ray analysis appeared calorimetry (DSC) at low temperatures f2was performed on a
after a few days. Perkin-Elmer Pyris 1 equipment, from25 to—175°C, with a 10
[Gdx(mal)s(H20)e]ln (2). Compound2 was obtained by a  °C min? flow rate and with helium as the purge gas. This
procedure similar to that df but using aqueous solutions of 2 M measurement was carried out during the warming and cooling
malonic acid (4 mL; adjusting the pH to 4.50) and of 0.5 M processes.
gadolinium(lll) nitrate hexahydrate (2 mL). X-ray-suitable colorless  Crystallographic Data Collection and Structural Determi-
prisms of2 were grown after a few days. nation. Single crystals ol—4 were mounted on an Nonius Kappa
[NaGd(mal)(ox)(H20)3]» (3). Compound3 was prepared by a  CCD diffractometef® Data were collected at 293(2) and 173(2) K
procedure similar to that df but fixing the pH to 5.16. Colorless using graphite-monochromatic Mookradiation ¢ = 0.710 73 A)_
plate-like crystals suitable for X-ray analysis appeared after a few A summary of the crystallographic data and structure refinement

weeks. Surprisingly, this malonatexalate mixed-ligand complex s given in Table 1. The structures were solved by direct methods
has been obtained using only malonic acid. Part of the malonic
acid is oxidized to oxalic acid under aerobic conditions in the gel, (72) Trombe, J.-C.; Galy, J.; Enjalbert, Rcta Crystallogr., Sect. C: Cryst.
resulting in single crystals with oxalate and malonate as ligands in 7, atétrl‘ic;éﬁom.mgné?fsztafségﬁz. in Gels The Pennsylvania State
a 1:1 molar ratio. Most likely, this reaction is mediated by the silica University Press: Pittsburgh, PA, 1970.

gel medium. After the introduction of Gd and once the reaction (74) Hegeds, L.; Fasterling, H.-D.; Wittman, M.; Noszticzius, 2. Phys.
starts, the initial conditions (pH value and concentration of the Chem. A200Q 104, 9914.

. oo 75) Carlin, R. L.MagnetochemistrySpringer-Verlag: Berlin, Germany,
reactants) can change because of uncontrolled variables inside thé ) 1986. 9 WSpring 9 Y

gel (velocity of the reaction, product formation, etc.), leaving a (76) SADABSBruker Analytical X-ray Systems, Inc.: Madison, WI, 1998.

Experimental Section

Inorganic Chemistry, Vol. 45, No. 26, 2006 10587



Table 2. Selected Bond Lengths (A) and Angles (deg)laf
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Table 3. Selected Bond Lengths (A) and Angles (deg)26f

Gd(1)-0(1) 2.430(7)  Gd(2yO(1) 2.820(7) Gd(1)-0(1) 2332(6) Gd(2}0(5) 2.401(6)
Gd(1)-0(14) 2430(7)  Gd(2O(1d) 2.820(7) Gd(1-0(3) 2302(5)  Gd(2)0(7) 2.424(5)
Gd(1)-0(3) 2.353(7)  Gd(2}0(2) 2.420(7) Gd(1)-0(9) 2574(10) Gd(2)0(9) 2.4293(6)
Gd(1)-0(3&) 2353(7)  Gd(20(d) 2.420(7) Gd(1)-0(10) 2519(12) Gd(20(4c) 2.2726(5)
Gd(1)-0(4) 2344(7)  Gd(2yO(6) 2.350(6) Gd(1)-0(118) 2.422(12) Gd(20(118) 2.6081(6)
Gd(1)-O(4d) 2344(7)  Gd(2-0(60) 2.350(6) Gd(1)-O(8t) 2.3053(5) Gd(2}O(124) 2.5245(6)
Gd(1)-0(1W) 2461(9)  Gd(2yO(3W) 2.388(10) Gd(1)-0(1W) 2524(7)  Gd(2)O(4W) 2.491(7)
Gd(1-0(2W) 2.419(11) Gd(2)O(4W) 2.407(9) Gd(1-0(2W) 2.479(7)  Gd(2YO(5W) 2.447(7)
Gd(2)-O(5W) 2.380(9) Gd(1-0(3W) 2395(8)  Gd(2yO(6W) 2.597(7)
O(1)-Gd1)-0(1d) 72.2(3) O@)Gd@2r-0(2)  48.4(2) O(1)-Gd1)y-0@) 714(2) O(FGd(2-0()  728(2)
O(4)-Gd(1-0(4d) 751(3)  O(1d—-Gd(2)-O(2d) 48.4(2) O(11®)-Gd(1)-0(9) 63.4(3)  O(% Gd(2)-O(11®) 62.8
0(9)-Gd(1)-0(10)  50.9(4)
H Bond¢
D---A D---A/A D--A D---A/A H Bond¢

O(1W)--0(6) 2748(7)  O(2W)-O(6We)  2.783(13) DA D---A/A D--A D---A/A

O(IWy-O(6d)  2.748(7)  O(Wy-O(BWR)  2.783(13) O(BW)y--0(4) 26764(3)  O(LW&-O(6) 2.7772(3)

O(BWY-+0(4) 2778(7)  O(AW)-O(6We)  2.759(13) O(Wy-+0(9) 28221(4)  O(BWA--O(1) 2.7918(4)

O(BWy-O@4d)  2.778(7)  O@W:-O(BWE)  2.759(13) O(2Wy--0(7) 27715(3)  O(BW)-O(BWR)  2.7719(3)

O(BWy-O(BH)  2.717(11)  O(BW-O(2d) 2.896(15) O(W&)-O(1)  2.6753(3)  O(6WA)-+-O(6) 2.7480(3)

OBWy-O(Bd)  2717(11)  O(BW-O(5H) 2.773(14)

asSymmetry codes: la= —x + Y, y, z bl = —x — Y5, y + Y5, —z +
Yy =xy+Usy —z+YUydl = —x—1Yy,zet=x—1,y,zfl =
X+ y,zgt=—x+1,-y+1,-z+1hH=-x+1-y+ ¥z
+ %,. 5 A = acceptor and D= donor.

and refined with a full-matrix least-squares techniquédrusing

the SHELXS-9AndSHEXL-97programd’ included in theWINGX
software packag®. All non-H atoms were refined anisotropically.
Three water molecules are very closelifO(1w) is at 1.48(3) and
1.95(4) A from O(3w) and O(2w), respectively]. This situation
indicates that the water molecules O(1w) and O(3w) are alternated

asymmetry codes: %a= X, =y + Y, z— Yy 2 =x+ Yy, -y, 7 2=
X=Yo —y+1,zd=x-1,y,z€=x+1y,z2=x+y— 1
z + Y,. A = acceptor and D= donor.

Two crystallographically independent Gd atoms [Gd(1)
and Gd(2)] occur irl, which are eight- [Gd(1)] and nine-
coordinated [Gd(2)] (see Figure 2). The environment of Gd-
(1) is best described as a distorted square antiprigrF (
57.847%), which is defined by six O atoms from four different
malonate ligands and two water molecules. The O(1), P (1a
O(4), and O(48 (&' = —x + Y, y, 2) and O(3), O(39,

between the cells, and then the occupations of both molecules haveQ(1w), and O(2w) sets of atoms build the two quasi-square
been set to 0.5, whereas that of O(2w) has been set to 0.25. The Hhases [the average GdA bond distance is 2.392(11) A].

atoms of the malonate ligand were set in calculated positions for
and2, whereas they were located from difference mapsfarhe

H atoms of the water molecules were located from difference maps
only for compound3. All H atoms were refined isotropically. The
final geometrical calculations and the graphical manipulations were
carried out with PARST95° PLATON® and Crystalmakef

The dihedral angle between the two square faces is°3.79
The coordination polyhedron of Gd(2) can be represented
as a distorted monocapped square antiprism. The p(1d
o@dh, O(6h), and OBwW) (b= —x — Yo,y + 1, —z+

Yy dt = —x — Y5, y, 2) set of atoms forms the base of the

programs. Selected bond lengths and angles and H bonds ofPolyhedron, while O(2), O(6%, O(4w), and O(5w) (€= X,

compoundsl—4 are listed in Tables 21§, 3 (2), 4 (3), and 5 @).

Description of the Structures

[Gdz(mal)3(H20)s]1-2nH 0 (1). Compoundl is isostruc-
tural with a previously reported malonate-containing Eu(lll)
complex?! Its structure consists of regular alternating [Gd-
(1)(malx(H20).] and [Gd(2)(mal)(HO)s] units that are linked
through single oxecarboxylate bridges along thee axis,
with the resulting chains being interconnected across car-
boxylate-malonate groups in the antsyn conformation
along theb axis to afford a quadratic layer of Gd atoms (see

y + Y5, —z+ ) build the upper plane, which is capped by
the O(1) atom. The value of the dihedral angle between the
two square bases is 743Iwo bond distances [2.820(7) A
for Gd(2)-0(1) and Gd(2)-O(1dh)] are slightly longer than
the mean Gd(2)O bond length [2.388(10) A] because of
the geometrical constraints of the bidentate/bridging mono-
dentate O(1)C(1)O(2) carboxylate group in the Gd(1)O(1)C-
(1)O(2)Gd(2) unit.

Three crystallographically independent malonate ligands
are present irl. They adopt the terminal bidentate [C(3)C-
(4)C(3&), Chart 1a] and bridging bidentate/bis-monodentate

Figure 1). These layers are held together by weak H bonds[C(5)C(6)C(5d); Chart 1b] and tris-bidentate [C(1)C(2)C-

involving one crystallization water molecule [O(6w)], the

(3); Chart 1c] coordination modes. Curiously, the six-

coordinated water molecules, and several malonate O atomgnembered chelate that occurs in the three cases exhibits

(see the end of Table 2), leading to a three-dimensional
network. The available space for the coordinated and
uncoordinated water molecules in this compound is about
23.1% of the total volumé

(77) Sheldrick, G. M.SHELXL-97 and SHELXS-9Universita Gottin-
gen: Gidtingen, Germany, 1998.

(78) Farrugia, L. JJ. Appl. Crystallogr.1999 32, 837.

(79) Nardelli, M.J. Appl. Crystallogr.1995 28, 659.

(80) Speck, A. L.AActa Crystallogr., Sect. A99Q 46, C34.
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different conformations: chair (Chart 1a), envelope (Chart
1b), and boat (Chart 1c). The angle subtended at the Gd atom
by them varies in the range 72.2{3)5.1(3y. The Gd(2)O-
(1)C(1)O(2) four-membered chelate in Chart 1c is planar,
and the Gd(1) atom lies in this plane. The corresponding
Gd(2)0(1)C(1)0O(2)Gd(1)O(1C(1a)O(2a)Gd(2&) motif

has a roof shape with a dihedral angle between the Gd(2)O-

(81) Crystalmakerversion 4.2.1; Crystalmaker Software: Chicester, U.K.
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Table 4. Comparison between the Gd Environmentaf(273 K) and2b (173 K@

293 K 173K

Gd(1) Gd(1) Gd(2)
Gd(1)-0(1a®) 2.308(2) Gd(1-0(1) 2.332(6) Gd(2y0(5) 2.401(6)
Gd(1)-0(3) 2.351(2) Gd(1y0(3) 2.392(5) Gd(20(7) 2.424(5)
Gd(1)-0(2) 2.413(2) Gd(1)y0(10) 2.519(12) Gd(2)0(4®) 2.2726(5)
Gd(1)-0(5) 2.531 (2) Gd(1O(8k) 2.3053(5) Gd(2)0(128) 2.5245(6)
Gd(1)-0(6) 2.597(2) Gd(1y0(9) 2.574(10) Gd(2YO(118) 2.6081(6)
Gd(1)-0(6b*2) 2.425(2) Gd(1)0(114) 2.422(12) Gd(2)-0(9) 2.4293(6)
Gd(1)-0(1W) 2.456(2) Gd(1O(1W) 2.524(7) Gd(2y0(aw) 2.491(7)
Gd(1)-0(2W) 2.509(2) Gd(1-0(2W) 2.479(7) Gd(2yO(5W) 2.447(7)
Gd(1)-0(3W) 2.494(2) Gd(1yO(3W) 2.395(8) Gd(2)O(6W) 2.597(7)
Gd(1)-0(6)-Gd(1b®) 116.8(2) Gd(1)-0(9)-Gd(2) 117.16(2)
Gd(1)-0(6b*2)—Gd(1b®) 116.8(2) Gd(1)0(118)—Gd(2) 116.41(2)

asymmetry codes: &= —x+ 1,y + Y, —z+ Yy, 0*2 = —x+ Uy, =y + Yo, —z+ Y @ =X, —y+ Yo, 2=y 2 =X+ Y, =y, 7, 2= x — 13,
-y+1z

Table 5. Selected Bond Lengths (A) and Angles (deg)3af

Gd(1)-0(2w) 2.503(4) Na(BO(1w) 2.523(5)
Gd(1)-0(1) 2.410(4)  Na(tyOo(2wa) 2.553(5)
Gd(1)-0(28) 2.535(4) Na(1}0(21) 2.477(5)
Gd(1)-0(3) 2.425(4)  Na(1}0(4&) 2.626(5)
Gd(1)-0(4) 2.525(4) Na(13O(6) 2.362(4)
Gd(1)-0(58) 2.370(4) Na(1}O(8cF) 2.498(5)
Gd(1)-0(6) 2.417(4)
Gd(1)-0(7) 2.406(4)
Gd(1)-0(8F) 2.418(4)

Gd(1)-0(6)-Na(l)  108.3(2) Gd(BOR2A)-Na(1lé) 119.6(2)
Gd(1)-0(8F)—Na(1) 103.97(15) Na(HO@2R)-Gd(1¢) 119.9(2)
Gd(1)-O(4)-Na(1f) 111.91(15) Na(lyO(4&)—Gd(1d) 111.91(15)
Gd(1)-0(2w)—Na(1F) 115.18(15) Na(1yO(2wa)—Gd(1&) 115.18(15)

Intermolecular Contacls

D---A D---A/A D:-A D---A/A
O(1W)--O(3&) 2.694(6)  O(W)-O(IWES)  2.835(6)
O(1W)-+-O(1k?) 2.915(6) O(2Wy)--O(7cB) 2.8356(5)
O(1W)+-0(2) 3.078(6)

aSymmetry codes: %a= —Xx + Yo, y + Yo,z 0¥ = —x, =y + 2, —z 3
=% -yt ¥ z+ YUy dB=x+Usy —z+ Uy =—-xy— Y —z+
Yp 3= =X, —y+ 2,2+ 1, = —X Y+ Y, —z+ Yy, R3= —x + U,
Y=z B =x—=1y —z+ Y F=x -y + ¥z A=
acceptor and B= donor.

(1)C(1)0(2)Gd(1) and Gd(2p0(1a)C(1d)O(24) planes of

146.70(13. In the case of Chart 1b, the Gd{)1@(3ct)C- i

(5dHO(6dH)Gd(2d)O(6)C(5)0O(3)Gd(1) motif has the boat Lowa

conformation and the value of the dihedral angle between Figure 1. View of the sheetlike structure df in the ab plane. Orange,

the O(3d)C(5d)O(6ct) and O(6)C(5)0(3) carboxylate planes pink, and blue denote the different malonate ligands that are presént in

) . Y P The crystallization water molecules were omitted for clarity.

is 130.20(1). The average €0 bond distances and-«€C—0

bond angles for the malonate ligands of parts a [1.2615(17) The value of the angle at the oxo bridge is 140.1(&d-

A and 124.2(9), b [1.262(11) A and 123.7(9), and ¢ (1)-0O(1)-Gd(2)].

previously reported for malonate-containing lanthanide compound was the subject of a previous w&rkompound

Comp'e¥e§337’4&43'45’48'83’84 2 is also isostructural with the europium malonate complex

The distance between the Gd(1) and Gd(2) atoms through{gy,(mal);(H,0)e], whose structure was reported by Her-

the single oxe-carboxylate bridge is 4.9369(9) A, a value npzdez-Molina et at. Because this Eu complex exhibits a

that is much shorter than the separation between these metajhase transition at 236 K, we checked this possibilit.in

atoms through the antisyn carboxylate bridge (6.035 A). | fact, compounc? also shows a phase transition but at

(82) Kepert, D. LJ. Chem. Socl965 4736 226 K, as evidenced by the DSC plot (see Figure S1 in the

(83) Doreswamy, B. H.; Mahendra, M.; Sridhar, M. A.; Prasad, J. S.; Supporting Information). The space groug?afhanges from
Varughese, P. A.; George, J.; Varghese Mater. Lett. 2005 59, I2/a (room temperature) tda (low temperature). This
1206. structural change was not reported in ref 37. The mean

(84) Herdadez-Molina, M.; Lorenzo-Luis, P. A.; lgez, T.; Ruiz-Peez, . = :
C.; Lloret, F.; Julve, MCryst. Eng. Comm200Q 2, 169. crystallographic modifications that occur with the phase
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Figure 2. View of the coordination environment of the Gd atomslin
showing the atom numbering scheme.

Chart 1. Coordination Modes of the Malonate Ligand in the
Structuresl and 2

C -

Figure 3. View of the three-dimensional network of compl2x

O(lw)

. O(8b7)
0@ |
(2) o) | ot
— &m.’-) 03"'

Gd(1)

02wy N

transition are listed in Table 4. The crystal structure @it
rof’m temperatur@@) ConSISt.S .Of double OX_ecarboxylate' Figure 4. View of the coordination environment of the Gd atom<2im
bridged dinuclear Gd(lll) entities that are linked to the four showing the atom numbering scheme.
nearest dinuclear units through carboxytatealonate bridges
in the anti-syn conformation, resulting in layers parallel to malonate ligands and three coordination water molecules
the ab plane. These layers are further extended alongthe define the coordination polyhedron of the Gd atoms of both
direction through a malonate ligand, which chelates two Gd- 2a and 2b structures. The main differences between them
(1) dinuclear units from two different layers, building the are the distortion of the polyhedra and the -&al bond
three-dimensional network (see Figure 3). This general distances [average G@® distances foRb are 2.438(12) and
description remains unchanged at temperatures below the2.466(7) A for Gd(1) and Gd(2), respectively, while the
phase transition2p); the main differences arise in the Gd average GeO distance foRais 2.454(2) A]. The malonate
coordination environment and, hence, in the H-bond pattern. ligands adopt the same conformation 2a and 2b. The
Below 220 K, extensive H bonds involving carboxylate structure of2b presents three crystallographically indepen-
groups and coordinated water molecules contribute to the dent malonate ligands that adopt two bridging coordination
stabilization of the crystal structure {0 distances ranging  modes: bidentate/monodentate [C(1)C(2)C(3) and C(4)C-
from 2.6753(3) to 2.8221(4) A]. There are no crystallization (5)C(6); Chart 1d] and bis-bidentate/bis-monodentate [C(7)C-
water molecules, and the space available for the coordination(8)C(9); Chart 1e]. The six-membered ring in Chart 1d has
water molecules is about 6.7% of the total volume in the the boat [C(1)C(2)C(3)] and chair [C(4)C(5)C(6)] conforma-
structure®® tions in both2a and2b structures. The values of the angle
The unique Gd environment ir2a changes to two  subtended at the Gd atom in these six-membered rings are
crystallographically independent Gd(lll) ions below the 72.04(6) (2a8) and 72.1(2) (2b). Two planar four-membered
temperature of the phase transition, with all of them being chelate rings occur in Chart 1e together with two monoden-
nine-coordinated with a surrounding monocapped squaretate interactions in the trans conformation [with mean values
antiprism (Figure 4). Six O atoms from four different O—Gd—O being 50.55(6) for 2a and 51.1(4) for2b].
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Figure 5. (a) View of the structure o8 with detail of the malonateGd layer. (b) View of the rotation of the oxalate ligand between planes.

. . Chart 2. Coordination Modes of the Malonate (Left) and Oxalate
The Gd atoms of the dinuclear unit [Gd(1) and Gd(2)] (Right) Ligands in3, with the Atom Numbering Sf:hen)m

are linked by a double oxo bridge, with the value of the

metal-metal distance ir2b [4.2678(9) A] being similar to &G“"s“

that in2a[4.2763(3) A]. These separations are much shorter

than the shortest interdimer distances through -ayn

carboxylate bridges [6.541(3) and 6.5728(11) A 2arand

2b, respectively]. The values of the angle at the oxo bridge

are also similar in both structures [117.16(2nd 116.41- Gd[”‘»-

(2)° for Gd(1)-0(9)—Gd(2) and Gd(1)XO(11&)—Gd(2) (&

=X, =y + Y5, z— 1/,) in 2b, while the value for this bridge

in 2ais 116.8(2); see Figure 4 and Table 3].
Na[Gd(mal)(ox)(H20),] (3). The crystal structure o8

consists of layers of carboxylate-bridged [Gd(mapD The Gd atom is nine-coordinated, with four O atoms

units and interstitial Na atoms growing in tab plane (see belonging to three different malonate ligands [G{58(6),

Figure 5a), which are connected by oxalate ligands along O(7), and O(88); d®* = x + Y5, y, —z+ Y, € = —x, y —

thec axis, resulting in a three-dimensional network. A quasi- /», —z+ /], four O atoms from two different oxalate ligands

quadratic grid of Gd atoms is formed within each layer, [O(1), O(2¢), O(3¢), and O(4); é = x, —y + ¥, z + 3],

where each [Gd(mal)(#D)] motif is linked to four other and one coordination water molecule [O(2w)] building a

adjacent units through carboxylatmalonate bridges inthe  distorted monocapped square-antiprism environment. The

anti—anti and anti-syn coordination modes (Chart 2, left). O(7)O(6)O(28)0(3¢) and O(1)O(580(8cF)O(2w) sets of

These layers exhibit an ABAB sequence along ¢hexis, atoms form the quasi-square base and upper face, respec-

while the oxalate ligand rotates 9&rom one layer to the tively, and O(4) achieves the capping of the polyhedron (see

next and within each layer along tleeaxis. This is at the  Figure 6). The dihedral angle between the square base and

origin of the lack of big pores, which could be filled by upper face is 3.45 The Gd-O(mal) and Gd&-O(ox) bond

crystallization water molecules (see Figure 5b). The filled lengths vary in the ranges 2.370{(£).417(4) and 2.410(4)

space is about 81.8% of the total volume, leaving no residual 2.535(4) A, respectively. The Na atom is six-coordinated.

solvent available spad®.Weak H bonds involving the  Two water molecules [O(1w) and O(2®aa® = —x + /5,

coordination water molecules and the malonate and oxalatey + %,, 7] and four O atoms, two from two different malonate

O atoms (see the end of Table 5) contribute to the ligands [O(6) and O(8Y] and the other two belonging to

stabilization of the structure. two different oxalate ligands [O(8pand O(48); b® = —x,

Ma(lb’)

Nafl

Nai1ij Gdi1) \‘

Gafj)

Na(1h')
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Do) Table 6. Selected Bond Lengths (A) and Angles (deg)af

o) Gd(1)-0(1) 2.402(5)  Gd(1yO(6) 2.448(4)
och) @ oew Gd(1)-0(2tf) 2.472(4)  Gd(1}O(4W) 2.410(5)
¢ Gd(1)-0(3) 2.467(4)  Gd(BO(5W) 2.474(5)
| o Gd(1)-0(4c%) 2.411(4)  Gd(1}O(6W) 2.427(5)
: Gd(1)-0(5) 2.534(5)

e O(2M)—Gd(1)-O(1) 66.41(15) O(5}Gd(1-O(6d) 64.57(15)
O(3)-Gd(1-O(4c%)  65.96(14)

Poiiv) Intermolecular Contacls

O(5eY) D:+-A D---A/A D---A D---A/A
O(IW)~-O(BW)  2.849(15)  O(BWY--O(5) 2.884(7)
O(3W)--O(BW)  2.88(2) O(4W8)--0(6) 2.694(6)
O(6We)--0(2)  2.820(8) O(1Wy-O(BWc)  2.912(15)
O(1WF)-+-0(3) 2.78(2) O(3W)-O(2Wd)  2.90(5)
Figure 6. View of the coordination environment of the Gd atom3an O(BWf%)---O(3) 2.77(3) O(3Wy-O(6Wc!) 2.65(2)
showing the atom numbering scheme. O(5Wfh-+-O(4) 3.04(8) O(4Wy-O(5Wdf) 2.952(7)
O(2Wd)-+0(B)  3.00(3) O(6BW-O(2WF)  2.93(4)

y — 2, —2, build a highly distorted octahedron around the af)g_ﬂgetry COdeS:?: _X’+_1y-;41' —Z++12: b“_=eA—>< ++1,1/—y+Jlr,
Na atom. The bond distances around the Na atom cover thel/j Sy I 1/2),/y - '1/2’2_2 gy 94": . '_y'llzz', i J:‘%, Syl
range 2.477(72.626(5) A. acceptor and B= donor.

The four O atoms of the malonate ligand3are involved
in its coordination to the Gd and Na atoms (Chart 2, left). bridges connect the Gd and Na atoms, with the shortest Gd
On the Gd side, the malonate ligand adopts the bidentate:-Na separation being 3.873(3) A [through O(6) and G)8d
[through O(6) and O(7) toward Gd(1)] and bis-monodentate between Gd(1) and Na(1)].

[through O(5) and O(8) toward Gd(3gand Gd(13) (¢® = [Gda(0x)3(H20)e]*2.5H,0O (4). The crystal structure of

—X, Y+ Yo, =2+ Y5, i3 =x— 15, y, —z+ 1/5)] coordination complex4 was already reporteth;5>53and it was found to
modes. Concerning the Na atom, the malonate acts as a bisbe isostructural with the corresponding oxalate-containing
monodentate [through O(6) and O(8) toward Na(1) and Na- Sm(lil), Er(lll), Dy(lll), and Ho(lll) derivatives?!-525455The

(1i%), respectively] in an antisyn arrangement (Chart 2, left).  structure consists of (6,3) honeycomb oxalate-bridged layers
The four O atoms of the oxalate ligand are also involved in of Gd(lll) ions that are stacked along theaxis (see Figure

its coordination to the metal atoms (Chart 2, right). It adopts 7). The nodes of the (6,3) net in the even layers are disposed
the usual bis-bidentate bridging mode toward the Gd atomsabove the void space of the adjacent layer, giving rise to an
[through O(1) and O(4) to Gd(1) and through O(2) and O(3) ABAB sequence. These sheets are interconnected through
to Gd(1p) (2 = x, =y + %, z — )] and a trans  weak H bonds involving crystallization water molecules that
bis-monodentate bridging mode toward the Na atoms [through are located between the layers, coordinated water molecules,
0O(2) and O(4) to Na(1¥) and Na(1B) (h® = —x + Y5, y — and oxalate oxygen atoms, leading to the three-dimensional
115, 2)]. The six-membered chelate subtended by the malonatesupramolecular structure [the mear @ distance is 2.86-
ligand has the boat conformation, and the value of the angle(4) A; see the end of Table 6]. The total volume available
at the Gd atom is 69.76(12)The bridging oxalate ligand  for the solvent molecules is 348.43 Awhich is 35.8% of
forms two five-membered planar rings, and the values the total volume®

subtended at the Gd atom are 66.39{14nd 64.67(12) The Gd atom is nine-coordinated with a surrounding of
The fact that the bond distances and angles of the oxalatemonocapped distorted square antiprism. Six oxygen atoms
ligand [the mean values for the«© and C-C bond from three different oxalate ligands and three water molecules
distances are 1.249(5) and 1.555(8) A, and the average valuduild this polyhedron, where the O(5)0(4w)Ofgb(6&) (a

for the O-C—0 bond angle is 126.6(%) do not differ =-—X,~-y+1,-z+2;bt=-—x+1,-y+1,-z+2)and
significantly from those of the free oxalate anion [1.2534- O(1)O(5w)O(6w)O(48) (c* = —x, —y + 1, —z+ 1) sets of

(17) and 1.5740(24) A and 116.86(149r C—0O, C—C, and atoms define the square base and upper face and O(3)
0O—-C-0, respectivelyP suggests that the five-membered achieves the capping of the polyhedron (see Figure 8). The
chelates are not significantly constrained. value of the mean GdO distance is 2.449(5) A.

The values of the Ge-Gd separation through the car- There are three crystallographically independent oxalate
boxylate-malonate bridges in the artsyn [6.069(3) A for groups that act as bis-bidentate ligands toward two sym-
Gd(1y--Gd(1P)] and anti-anti [6.524(3) A for Gd(1}-Gd- metry-related Gd(lll) cations. The shortest metaletal
(1 ¢®] conformations are very close to that across the separation through the oxalate bridge [6.313(13) A]is some-
bridging oxalate [6.355(4) A for Gd(3)}Gd(1f)]. The what larger than the shortest interlayer one [6.160(12) A].
interlayer Na--Na separation [5.124(2) A for Na(t)Na- Magnetic Properties of 1—4. The temperature depen-
(1b%)] is shorter than the intralayer one [6.558(2) A for Na- dence of theywT product for 1-4 [ym is the magnetic
(1)---Na(1&)]. Two double and one single oxaarboxylate susceptibility per one Gd(lll) ion] is shown in Figure 9. At
room temperature, the value g T for 1—4 is ca. 7.90 cr

(85) Hodgson, D. J.; Ibers, J. Acta Crystallogr.1969 B25, 469. mol~1 K. This value is as expected for a magnetically isolated
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Figure 7. Side view of the layered structure 8f The window shows a projection along theaxis.
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Figure 8. View of the coordination environment of the Gd atomsd4in
with the atom numbering scheme.
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Figure 9. Temperature dependence of thgT product ofl—4. The solid
lines are the best-fit curves (see the text).

S= "7/, spin withg = 2.0. Upon cooling, this value practically
remains constant until 60 K, and further it increasesifor
and2 and decreases f&and4 to reach values of 8.32),
9.30 @), 7.73 @), and 7.00 4) cm®* mol* K at 1.9 K. This
behavior is indicative of the existence of weak ferrbafd
2) and antiferromagneti3(and4) interactions between the
Gd(lll) ions.

According to the crystal structure df described above,

allows us to consider that, from a magnetic point of view,
this compound would behave as a uniform chain of Gd(lll)
ions that are bridged by single oxcarboxylate groups.
Having this in mind and taking into account the large value
of the local interacting sping = /5], the classical spin
expression derived by Fisher to describe the magnetic
behavior of a uniform chain with large spins (eq 1) applies
for 1.88 In this expressiony is the Langevin function defined

_ NK°d? 1+u
1= ST, (1)

asu = cothJ§S+ 1)KkT] — kT/ISS+ 1) with N, 3, k, and

g having their usual meanings arddbeing the exchange
coupling parameter between adjacent spins. The best least-
squares fit parameters alte= +0.0074(2) cm?, g = 2.00-

(1), andR = 1.3 x 10°%. Ris the agreement factor defined
asd [(xmDovs — (mNead Y [(xmT)obd? The calculated curve
matches very well the experimental data in the whole
temperature range.

The magnetic behavior of compoudwvas investigated
previously?” and we will not treat it in detail in this work.
Having in mind the fact that the double oxoarboxylate
bridge is the most efficient exchange pathwayiand that
no significant changes are observed in the values of the
structural parameters at the oxo bridge in the phase transition
(bond distances and bond angle at the-GdO)—Gd unit),
the analysis of its magnetic data through a simple dimer law
by the isotropic spin HamiltoniaHl = —JS-S; is justified.

The best-fit parameters ade= +0.050(2) cnm?, g = 2.00-
(1), andR= 1.5 x 10°°.

An overall antiferromagnetic behavior is observed for
complexes3 and4. A comparison of both structures shows
that the bis-chelating oxalate ligand is present in them, with
no significant structural differences being observed in the
Gd—(u-oxalate-Gd unit. The remarkable ability of the
oxalate to mediate magnetic interactions between the para-

the large Ga-Gd separation through the carboxylate bridge (86) Fisher, M. EAm. J. Phys1964 32, 343.
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magnetic centers when acting as a bridgeould account
for the antiferromagnetic coupling Biand4. In light of the
structure of compound, it is clear that its magnetic behavior

Canadillas-Delgado et al.

salicylic acid). This value is slightly higher than that obtained
for complex1 [J = +0.0074 cm']. The main differences
between both ferromagnetic chains is the occurrence of single

would correspond to that of a honeycomb-layered material (1) and double oxecarboxylate 2) bridges: this feature

with intralayer antiferromagnetic coupling through the bis-
chelating oxalate. Taking into account the structural similarity
of the three crystallographically independent -&d-ox-
alate-Gd units in4, their magnetic data were analyzed
through the expression derived for a two-dimensional
Heisenberg classical honeycomb lattié&est-fit results are
J=—0.0050(2) cm?, g=2.00(1),andR= 1.7 x 10°5. To

our knowledge, this is the first time where the antiferro-
magnetic coupling between Gd(lll) ions through a bis-

causes a larger magnetic exchange coupling. iAlso the
Gd---Gd separation and the value of the angle at the oxo
bridge are larger il [4.9369(9) A and 140.1(3) compared
with 4.1871(2) A and 111.85(7jor 5, resulting in a weaker
magnetic interaction. At this stage, we can only suggest that
the ferromagnetic coupling observed in these structures is
most likely due to the accidental orthogonality between the
magnetic orbitals of the interacting Gd(lll) ions. The main
structural parameters that govern the-G@d magnetic

chelating oxalate is determined, and consequently anyinteraction are not yet fully determined, but considering these
comparison is precluded. Anyway, a comparison of this value results, it could be suggested that the value of the angle at
with the strong antiferromagnetic interaction that is observed the oxo bridge and the GdGd separation play the major

between the Cu(ll) ions through this bridgevalues up to
—384 cn)88 shows the strong influence drthat is exerted
by both the nature of the interacting magnetic orbitals [4f
for Gd(lll) versus 3d for Cu(ll)] and their number [seven
for Gd(Ill) against one for Cu(ll)].

Dealing with complex3, there is no model to analyze the

magnetic data of this three-dimensional compound where
three different exchange pathways (bis-chelating oxalate and.

anti—anti and anti-syn carboxylate malonate bridges) are

involved. Assuming that the exchange pathway through the
bridging oxalate is the dominant one, the analysis of the

magnetic data o8 is reduced to that of a simple oxalato-
bridged Gd(lll) dimer. Best-fit results through this dinuclear
model lead to the following set of parameteds= —0.0053-
(2) cmt, g = 2.00(1), andR = 0.2.0x 10°5. The fact that
this magnetic coupling is practically identical with that
obtained for compoundd supports the validity of our
assumption.

The ferromagnetic coupling between Gd(lll) ions observed
in 1 and2 is not very common; just a few examples of such
behavior are found in the literature, withvalues ranging
from +0.037 to+0.06 cnm1.353% Among the previously

role.
Conclusions

In conclusion, it must be noted that the study in depth of
Gd(lll) complexes contributes to the understanding of their
magnetic behavior. In this sense, we have obtained two
ferromagnetically and two antiferromagnetically coupled
compounds, which demonstrate the capability of Gd(lIl) to
induce both magnetic interactions. The ferromagnetic be-
havior is present in the compounds that have a direct
interaction among two or more Gd ions throughoxo
bridges, while the antiferromagnetic compounds are those
having the oxalate bridge. Attending to the acid used, the
obtainment of different polymorphs with malonic acid shows
up the versatility of this ligand when, in the lack of a second
ligand in the synthesis, we have obtained a mixed carboxylic
ligand compound.

Acknowledgment. Funding for this work is provided by
the Ministerio Espaol de Educacio y Ciencia through
Project MAT2004-03112 and CTQ2004-03633. Predoctoral
fellowships from Gobierno Adtwomo de Canarias (L.C.-
D.) and CajaCanarias (O.F.) are acknowledged.

reported ferromagnetically coupled Gd complexes, only one  Supporting Information Available: DSC of compoun and

of them presents an oxo-bridged chain strucBingith a J
value of +0.037 cm! [Gd(H,L)(HL)(L) -H.QO]l, (5; HoL =

(87) Curdy, J.; Lloret, F.; Julve, MPhys. Re. B 1998 58, 11465.

(88) (a) Alvarez, S.; Julve, M.; Verdaguer, Morg. Chem199Q 29, 4500.
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X-ray crystallographic data (CIF). This material is available free
of charge via the Internet at http://pubs.acs.org. CCDC reference
numbers are 611842, 611843 @), 611844 B8), and 6118454).

See http://www.ccdc.cam.ac.uk/data_request/cif for crystallographic
data.
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