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A new lanthanide citrate motif of general formula [Ln(Hcit)(H,0),H,0],, where Ln = Gd (1) and Nd (2) and Hcit®~
= C(OH)(COO~)(CH,COO™),, has been synthesized hydrothermally from Ln,O5; and citric acid at 100 °C and
characterized by elemental analysis, IR, TG-DTA, single-crystal X-ray diffraction, and magnetic measurements.
The structures can be seen as “ladder chains” along the a axis, with dinuclear Ln,O, units serving as “steps” and
R-COO groups as “uprights”, which are connected by H bonds. The magnetic susceptibility between 2 and 300
K and the magnetization at 2 K, as a function of magnetic field between 0 and 5 T, were measured for both
compounds. By modeling the magnetic behavior of the Gd compound with a dinuclear Hamiltonian .%s = gus(Sa
+ S)Bo — JoSaSs (Sa = Sz = 7/2), a ferromagnetic exchange interaction J, = 0.039 cm~! was evaluated between
Gd ions situated at d, = 4.321 A in dinuclear units bridged by two symmetry-related tridentate carboxylate oxygens.
The EPR spectrum of the Gd compound is discussed. The temperature dependence of the susceptibility of the Nd
compound is caused by the depopulation of the excited crystal-field levels when the temperature decreases. The
magnetic-field dependence of the magnetization of 2 is attributed to the ground-state Kramers' doublet populated
at 2 K. The g factor of this ground-state doublet is calculated from the data and compared with values for other
compounds reported in the literature.
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extremely pure multicomponent oxidgas well as for their ~ showed weak antiferromagnetic exchange interactiofig (
increasing relevance in biomedical applicatiéhRecently, (i,j)) = —J; SS) between Gd(lll) ions, with coupling con-
we reported the first polymeric lanthanum citrate complex stants], in the range of-0.05 to—0.43 cnt1,8:16-22.25-27,31,82
[La(Hcit)(H20)], (Hcit3™ = C(OH)(COO") (CH,COO),), More recently, cases of weak ferromagnetic Gd{tBd-
whose structure consists of chains of La(lll) nodes bridged (lll) interactions transmitted through carboxylate bridges have
by O—C—0 groups as “linkers” with pendant Hcit anions been reported, withl values in the range 0f0.024 to
forming a pillar structuré! More recently the isostructural ~ +0.060 cnm™.23242831 Tg clarify and rationalize the physical
Nd, Eu}? and TH? citrates have been reported. All of these phenomena underlying the magnetic behavior of dinuclear
were similarly prepared by hydrothermal reactions in the Gd compounds, more experimental information and analyses
temperature range of 120 70°C under autogenous pressure, are needed. The dual ferromagnetic or antiferromagnetic
and they crystallize in the monoclinic system, space group behavior of the Gd compounds should be further investigated.
C2lc. As reviewed by Benelli and Gattesciii,compounds of

Because of the multiple denticity of the citrate ligand and lanthanides with unpaired orbital angular momentum are
the high and variable coordination numbers available to rare-more difficult to model and less information about them
earth cations, it is likely that a variety of structural motifs ~€Xists.
may be isolated depending on reaction conditions, even if In this paper, we report the hydrothermal synthesis, X-ray
the same molecular blocks are employed. Thus, finding new crystal structure, and magnetic properties of a novel structural
framework structures with unexpected properties is a main motif for lanthanide citrate complexes, [Ln(Hcit){8),
challenge in the area of materials chemistry. With this in H,O], (Ln = Gd (1), Nd (2)). These crystallize in the
mind, hydrothermal synthesis becomes a convenient tech-monoclinic systempP2;/n, with two tridentate carboxylate
nique for the preparation of a wide range of organic groups acting as bridges between the two nearest metal
inorganic hybrid materials because of the formation of centers in the structure. In the case of the Gd compound,
metastable and unique condensed phases, and it may alsawe model the susceptibility and magnetization data and
lead to selective crystallization of produéts> evaluate a ferromagnetic-exchange interaction between neigh-

Since the Gd(lll) cation has &%, ground state without ~ boring Gd(lll) ions in dinuclear units. We also provide a
first-order orbital momentum, its compounds are the most qualitative explanation of the observed electron paramagnetic
suitable for the study of the magnetic properties. As a resonance (EPR) spectrum of [Gd(Hcit)(®}o-H.O],, con-
consequence, investigations of the magnetic properties ofsidering the dipolar interactions between Gd(lll) ions. In the
many homopolynuclear gadolinium complexes bridged by case of the Nd citrate, we rationalize the susceptibility and
carboxylate groups, as indicated by the determined X-ray magnetization data in terms of the thermal depopulation of
crystal structure, have been reporté# .33 Most of them the crystal-field levels. The nature of the ground-state

Kramers’ doublet of the Nd(lll) ion is analyzed.
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Pergamon: Amsterdam, 2004; Vol. 1, p 579 carried out using a Shimadzu DTG 50 thermal analyzer under an
(16) Guerriero, P.; Tamburini, S.; Vigato, P. A.; Benelli, IGorg. Chim. air flow of 40 L/min at a heating rate of & min~*. The purity of
Acta 1991, 189, 19. the products was checked by X-ray powder diffraction using
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monochromated Cu & radiation on a Phillips X'Pert diffracto-
meter.

Syntheses of [Gd(GH507)(H20)..H-0], (1) and [Nd(CsHs07)-
(H20)2.H201, (2). A mixture of Ln,O3 (Ln = Gd, Nd; 1 mmol),
citric acid monohydrate (0.25 g, 1 mmol), and water (20 mL), was
placed in a Parr Teflon-lined stainless-steel vessel (4%,camd
the vessel was sealed and heated at @or 10 days. After it
was cooled at a rate of 0°& min%, colorless crystals of and2

were collected (the yield in both cases was about 75% based on bE/_\g

Ln,0s). The pH of the remaining solution was 2.5. The crystalline
materials were washed with deionized cold water and dried under
vacuum. Anal. Calcd for complek, CeH;,GdOy: C, 17.98; H,
2.75. Found: C, 18.05; H, 2.80. Anal. Calcd for compBexCsHi -
NdO: C, 18.58; H, 2.86. Found: C, 19.05; H, 2.90. Optical
examination, combined with X-ray powder diffraction, indicated
phase purity for both cases. Once isolated, compodradgi2 are
insoluble in most common polar and nonpolar solvents.

Main FT-IR bands (KBr pellet, crit) for compoundL: v 3595
m, 3406 m, 3402 m, 1573 v8(CO, )asym 1505 s, 1403 vs, 1303
s, 1400s, #(CO, )sym 1303 s, 1264 vs, 1188 s, 1139 m, 1076 s,
946 w, 905 w, 865 w, 761 w, 728 m, 674 s, 557 s, 540 s, 490 m,
440 w. The IR spectrum for compourlis similar to that of
complexl within & 5 cn 1. Thermogravimetric analysis exhibited
losses corresponding to one water molecule below’@and two
water molecules per formula unit in the range of 3260°C. These
contributions should correspond to the hydration molecule and to
the two coordinated water molecules per formula unit, respectively.
The final residual mass at 80C (65% approximately) corresponds
to the formation of GgD; for complex1 and N@Os; for complex
2, as confirmed by XRD

Magnetic and EPR Measurements.Susceptibility and mag-

2 K, with a maximum field of 5 T.

contribution of the high-spin Gd(Ill) and Nd(lll) ions; the values
of the susceptibility and magnetization bnd2 presented below
a value of—142 x 1075 cm® mol~! per Ln unit, obtained using

subtracted from the measured values.
The EPR measurements of powdered samples ét Gaj, and

Table 1. Crystal Data and Structure Refinement for 1 afd 2

1 2
empirical formula GH11:GdOyp CeH11NdOsp
fw 400.40 387.39
temp (K) 298(2) 298(2)

(Mo Ka) (A) 0.71073 0.71073

cryst syst monoclinic monoclinic

space group P2i/n P2i1/n

a(A 6.1448(8) 6.2296(5)
9.6536(12) 9.7066(8)

c(R) 16.946(2) 17.0175(14)

S (deg) 92.170(2) 91.3170(10)

V (A3) 1004.5(2) 1028.75(15)

z 4 4

densitytaica (g cm3) 2.648 2.501

F(000) 764 748

abs coeff (mm?) 6.650 5.094

cryst size (mrd) 0.25x 0.08x 0.06 0.22x 0.06 x 0.06

min/max transmission 0.53, 0.67

0 range (deg) 2.411027.99

index ranges —8=<h=8 —-8=<h=<8
—12=<k=12 —12=<k=12
—-22=<1=20 —2l=l=21

Niot Nunig(Rint) 8192 8387

Np>20 ()] 2262(0.0456) 2363(0.0264)
1887 2163

params refined 186 186

GOF onF? 1.207 1.045

final R indices [P 20(1)] R1 =0.0358 R1=0.0229
WR2=0.0768 WR2=0.0768

R indices (all data) R% 0.0447 R1=0.0546
WR2=0.0799 WR2= 0.055%

Pmax!pmin in final AF(eA-3)

1.036 and—2.009

0.828 and-0.506

AR1= 3IFo| — RV |Fol. ®WR2= {3 [W(Fo* — F)/ 3 [W(Fo)T} 2

models was performed by the least-squares methoé2owith
netization measurements were performed in powder samples withanisotropic displacement factors for non-H atoms.HChydrogen

a Quantum Design SQUID magnetometer model MPMS XL5, using atoms were idealized at their expected positionsKC= 0.97 A)
calibrated gelatin capsules as sample holders with a small diamag-and allowed to ride; ©H hydrogens were found in a late difference
netic contribution. The magnetic susceptibility was measured in Fourier synthesis and refined with a restrainedHD(0.85(1) A)

the temperature interval between 2 and 300 K, with an applied field distance. All hydrogen atoms were assigned isotropic displacement
of 25 mT. The magnetization measurements were performed atfactors 1.2 times larger than those of the parent atom to which they
were attached. All calculations to solve and refine the structures

The diamagnetic contribution to the susceptibility and magnetiza- and to obtain derived results were carried out with the computer
tion of 1 and 2 are small compared with the paramagnetic programs SHELXS 97, SHELXL 97, and SHELXTL/PE.

Full use of the CCDC package was made using the CSD
Databasé? Crystallographic data and other pertinent information
were corrected for the diamagnetism of the constituent atoms usingfor 1 and 2 are summarized in Table 1. Selected bond distances
and bond angles are listed in Table 2. More details on the
Pascal's constants-%” The contribution of the gelatin capsules was crystallographic studies as well as atomic displacement parameters
are given as Supporting Information in a CIF file.

Nd citrates were performed at room temperature with a Bruker Results and Discussion

Crystal Structures. Compounds 1 and 2 are isostructural
and crystallize in the monoclinic space grde®/n as linear
polymers. Figure 1shows a schematic representatitmith
only the independent unit drawn in full ellipsoids. Because
the ionic radius of Nd(lIl) is slightly larger than that of the
Gd(lll) ion, all metak-ligand bonds ir2 are larger than the
tion. The structures were primarily solved by direct methods and corresponding bonds ib, see Table 2. However, the bond
completed by difference Fourier synthesis. Refinement of the angles are nearly the same tband2 (see Supplementary

ER200 X-band spectrometer, using a cylindrical cavity with 100
kHz field modulation. As expected, only signals of the Gd

compound were observed. EPR spectra were simulated using

Easyspin 2.1.%8

X-ray Crystallography. Single-crystal X-ray measurements of
1 and2 were performed at room temperature on a Bruker SMART
CCD diffractometer, with graphite monochromated Ma Kadia-

(35) Pascal, PAnn. Chim. Phys191Q 19, 5.

(36) Carlin, R.MagnetochemistrySpringer: Berlin, 1986.

(37) Kahn, O.Molecular MagnetismWiley VCH: New York, 1993.

(38) Stoall, S. Spectral Simulations in Solid-State EPR. Ph.D. Thesis, ETH,
Zurich, 2003. (b)ES EPR NewsR003 13, 22. (c) Program available
at http://www.esr.ethz.ch/EasySpin/home.html

Information).

(39) Sheldrick, G. M.SHELXS-97 SHELXL-97 and SHELXTL/PC
Programs for solution and refinement of crystal structutdaiversity
of Gattingen: Gitingen, Germany, 1997.
(40) Allen, F. H.Acta Crystallogr.2002 B58 380. (b) Orpen, A. GActa
Crystallogr. 2002 B58 398.
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Table 2. Selected Bond Distances (A) and Angles (deg)¥and 22

1 2
Ln(1)-0(3) 2.381(5) 2.435(3)
Ln(1)—O(7)#1 2.387(4) 2.449(2)
Ln(1)—0(2W) 2.428(5) 2.501(3)
Ln(1)—O(1W) 2.415(5) 2.461(2)
Ln(1)—0(5) 2.413(4) 2.461(2)
Ln(1)—0(4) 2.435(4) 2.485(2)
Ln(1)-O(2)#2 2.508(4) 2.556(2)
Ln(1)-O(2)#1 2.521(4) 2.551(2)
Ln(1)-O(1)#2 2.591(4) 2.625(2)
Ln(1)---Ln(1)#3 4.321(4) 4.389(2)
Ln(L)---Ln(L)#4 6.145(4) 6.230(2)
Ln(1)---Ln(1)#2 6.383(4) 6.413(2)
O(2)#4-Ln(1)-O(2)#2 61.5(2) 61.5(1)

a Symmetry transformations used to generate equivalent atoms:+#1
1Ly, zz#2—x+1,-y,—z+ 2, #3—x+2,—-y, —z+ 2, #4x — 1,y, Z.

Gd1*4

Figure 1. Molecular structure and schematic representation of a ladder
chain. Only the independent unit has been drawn in full ellipsoids. Symmetry
codes: #Ix+ 1,y,z#2—x+1,-y, —z+ 2; #3—x+ 2, ~y, —z+ 2;

#4x — 1,y, z The ladder steps have been suggested in full broken lines
and the [100] uprights in double broken lines.

Baggio et al.

fashion to form chains which run aloreg The connectivity
between cations is achieved via three types of well-
differentiated closed loops. The first one is around the
inversion symmetry center at (1,0,1), with O2 as the sole
bridging agent linking cations Gd1 and Gd1#3 to a short
distance of 4.321(4) A. The second is non-centrosymmetric,
it evolves along tha axis with two different bridges, a short
one, Gd+03-C3—-07-Gd1#4, and a much longer one,
Gd1-04—-C4—C2—-C1-02—Gd1#4, leading to the second-
nearest intercationic approach GdGd1#4 of 6.145(4) A.
The third one is around the nonequivalent symmetry center
at (0.5, 0, 1) and through a much longer pathway (6d1
04—C4—C2—-C1—(02/01)>Gd1#2 and back) leading to a
Gd1:+-Gd1#2 distance of 6.383(4) A. For compoudhe
distances corresponding to these pathways are 4.389(2),
6.230(2), and 6.413(2) A, respectively. We consider that the
first pathway described above, containing two symmetry-
related carboxylate oxygens (O2), supports the strongest
exchange interactions between Gd ions. In the magnetic
analysis that follows, we ignore the third pathway, which
contains five diamagnetic atoms, instead of one or three as
in the first and second described pathways. The contribution
of the second pathway will be discussed further. The
noticeable differences between the first and second neighbor
Gd---Gd distances give the linear array the “ladderlike”
appearance shown in Figure 1 for compoundvhere the
“steps” have been suggested in heavy broken lines and the
[100] “uprights” in weak double broken lines. The inter-
linking of the chains is achieved through H bonding only
(see Table 3), to which the two aqua and the hydration water
molecules provide five donor hydrogens, all of them clearly
detectable in the difference Fourier maps. The sixth hydro-
gen, attached to O3W, does not seem to be involved in any
such interaction.

This eminently 1D arrangement férand2 contrasts with
the packing found in the previously reported series, [Ln-
(Hcit)(H20)]n (La, Nd, Eu, and Tb), where chains are bound
together by sharing covalent bonds with the citrate ligands,
as well as by H bonds, leading to compact 3D structtirés.
The two packing schemes, viewed down the chains, are
compared in Figure 2.

Magnetic Properties and EPR.The molar susceptibilities

The citrate anion coordinates through six out of its seven xm Of both compounds measured at temperatufebétween
possible donor oxygens (06 being the exception). Five of 2 and 300 K are plotted in Figures 3a and 4a for compounds
them act in a simple mode; only O2 binds in a bifurcated or 1 and 2, respectively, &s
bridging fashion. The presence of two aqua molecules
completes a rather even O9 coordination environment, with
Gd—0 bond distances in the range 2.38+2)591(4) A for
1 and Nd-O bonds in the range 2.435¢(32.625(2) A for
2. For comparison purposes, a search in the Cambridge
Structural Databag&looking for similar GAQ/NdOy envi-
ronments gave 83/156 cases with mean-hvalues of
2.448(85)/2.561(82) A, respectively.

Besides binding to the reference cation Gd1 in Figure 1
through O3, 04, and O5, the anion links to the metallic
centers Gd1#2 at (+ x, —y, 2 — 2) via Ol and O2 and to
Gd1#4 at 1+ X, Y, 2) via O2 and O7. The Gd coordination
polyhedra thus formed interact with each other in an intricate

e

e (3Ke/1toN) (o T 1)

In the highT limit, ues?/us® ~ ¢?(S+ 1). For compound,
the uer value of~7.92ug observed near room temperature
indicates thag ~ 1.99, a typicalg value for Gd(lll) 8S;,
ions. At 20 K, uess &~ 7.97 ug, and it rapidly increases at
lower temperatures, reachipgs ~ 8.65ug at 2 K (Figure

3a), indicating predominant ferromagnetic interactions be-
tween Gd(IIl) ions. The susceptibility data for compouhd

(41) Hatscher, S.; Schilder, H.; Lueken, H.; Urland, ®ire Appl. Chem.
2005 77, 497.
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Table 3. Hydrogen Bonds (A and deg) fdrand22

d(D—H) d(H-++A) d(D-++A) O(DHA)

D—H-A 1 2 1 2 1 2 1 2
O(4)-H(4)--O(6)#5 0.85(1) 0.84 (1) 1.69(2) 1.71(2) 2.524(6) 2.533(4) 169(11) 165(5)
O(1W)—H(1WA)---O(3W)#6 0.85 (1) 0.85(1) 1.88(3) 1.88(2) 2.710(9) 2.722(5) 165(12) 170(6)
O(1W)—H(1WB)-+-O(2W)#7 0.85 (1) 0.85(1) 2.41(14) 2.13(3) 2.913(7) 2.854(4) 119(12) 143(4)
O(2W)—H(2WA)---O(6)#8 0.85 (1) 0.85(1) 1.81(2) 1.83(2) 2.652(7) 2.665(4) 169(9) 167(6)
O(2W)—H(2WB)-+-O(3)#1 0.85 (1) 0.85(1) 1.91(4) 1.88(2) 2.684(6) 2.691(4) 151(7) 159(5)
O(3W)—H(3WA)---O(1)#2 0.86(1) 0.86(1) 2.16(6) 2.05(2) 2.838(8) 2.853(4) 135(7) 156(5)

a Symmetry transformations used to generate equivalent atomg:+#1,y, z; #2 —x + 1, =y, —z+ 2; #3—x + 2, -y, —z+ 2; #4x — 1,y, Z #5 —Xx
+ 32,y —12,-z+ 312, #6—x+ 1, -y + 1,—z+ 2; #7 —x+ 2, —y + 1,—z+ 2; #8x + 1/2, —y + 1/2,z + 1/2.

Figure 2. Comparative packing views along the polymeric chain axis for (a) 3D [La(Hei©JH!! and (b) 1D [Gd(Hcit)(HO)z*H20],.

(Figure 4a) show thater ~ 3.37 ug at 300 K, and it chains with spins oS = 1/2, which are important in the
decreases monotonically with decreasing temperatyzgsto  theory of high-temperature superconductBridowever, we
~ 2.19ug at 2 K. The value ojuer observed at 300 K is  did not find information about quantum ladder chains of spins
already smaller than the valuges = 3.45ug expected for  of 7/2, where the theoretical analysis is more difficult. Also,
free Nd(Ill) ions having &lg;, ground multiple€® This value classical approachégused to analyze data for uniform Gd
and the reduction qie at lowerT are clearly related to the  spin chain€? have not been treated for the more complex
thermal depopulation of the crystal-field energy levels of the ladder chains.
multiplet. Exchange interactions between Gd ions are expected to
The magnetization as a function of the applied magnetic decrease exponentially with distarféé®so it is reasonable
field Bo = uoH at T = 2 K for B, between 0 and 5 T, is  to assume that)| < |J,| because of the longer distance
displayed in Figures 3b and 4b in units of Bohr magnetons (6.145 A vs 4.321 A) and higher complexity of the ©3
(us)/Ln atom for compoundd and 2, respectively. The  C3-07 carboxylate connections);J compared to the
magnetization of the Gd compound reaches almost completepathway with two symmetry-related oxygens Qg .(In this
saturation for a field of 5 T. Meanwhile that of the Nd analysis, we neglect all exchange interactions between
compound still increases at this magnetic field, supporting nearest-neighbor Gd ions, excelpt These approximations
the depopulation of excited-crystal field states when the are not valid for the series of lanthanide citrates (La, Nd,
temperature is lowered. Eu, Tb) studied previousB: 13 with zigzag chains with two
We modeled the magnetic behaviorloAnd?2 to evaluate nearest lanthanide neighbors at nonnegligible distances.
the exchange interactions between Ln ions from the magnetic At the temperature of the experiments, because of anisot-
data (Figures 3 and 4). This is possible for the Gd(lll) ropy, the contributions of dipotedipole interactions to
compound, but it is more complicated for the Nd(Ill) magnetic susceptibility and magnetization of powder samples
compound, which has orbital degeneracy and large crystal-are averaged o0df.Also, the role of the zero-field splitting
field splittings3* is expected not to be important because of both its small
For the three-dimensional arrangement of the Ln(lll) ions
(Figure 1) described above, we cailthe magnitude of the  (42) pagotto, E.; Rice, T. MSciencel996 271, 618.
exchange interaction within the @@, dinuclear units and (43 Fisher, M. EAm. J. Phys1964 32, 343.
J; that between the Gd ions connected by the carboxylate 8‘5‘% A v gésﬁ’ggjp%?eg‘ggj?éiﬁg& 7
bridges 03-C3—07. Abundant literature exists about ladder 289.
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Figure 3. (a) Thermal variation oftert for compoundl; uest increases at Figure 4. (a) Thermal variation ofiet for compound2. The observed

low temperatures as expected for a system with ferromagnetic interactions.temperature variation qferr is a consequence of the depopulation of the
(b) Magnetic-field dependence of the molar magnetization of Gd(lll) citrate higher crystal-field levels when the temperature is lowered. (b) Magnetic-
observed at 2 K. The solid lines in panels a and b are obtained from a field dependence of the molar magnetization of Nd(lll) citrate. The solid

global fit of eq 2 to the susceptibility and magnetization data, gigng
1.995 andJ, = 0.039 cnt?.

line is obtained from a fit assuming that 2 K only the ground-state
Kramers’ doublet contributes to the magnetization.

magnitude and the anisotropy averaging out a large part ofthe standard deviations, andow of uer andM, separately,

the contribution. To evaluatg and J,, we analyzed the

for a wide range of values of the parametgrand J,. A

magnetic data for the Gd compound using the simple normalized global standard deviation,, was obtained

dinuclear Hamiltonian
Hs= Qug(Sa + F)'B, — IS (2

whereSy and & are the spins of the two Gd(l11)S(= 7/2)

in a dinuclear unit angj is the isotropicg factor expected
for the Sstate Gd ions. The molar magnetization of the Gd
compound as a function df and B, was calculated using
eq 2 and

(2, T) = Ny TSP T

®)

adding the contributions, andoy, each divided by the mean
value of the property in the fitted interval. The smallegt
was obtained fog = 1.995(5) andl, = 0.039(4) cn1. It is
noteworthy that the dinuclear model of eqs 2 and 3 gives a
better fit to the magnetization data than that obtained
applying the Brillouin function for uncouplef = 7/2 Gd-

(Il spins. The agreement between the data and the
calculated curvesues(T) and M(B,) is well within the
experimental errors (see solid lines in Figure 3a and b),
supporting the adequacy of the dinuclear model neglecting
the exchange interactiah between next-nearest Gd neighbor
ions in the uprights of the ladders. The model also neglects

whereTr represents the trace of the operator in parentheses anisotropic zero-field splitting of the Gd(lIl) ions and dipolar
S is thez component of the angular momentum of the states, interactions between them, which are mostly averaged out

andZ is the partition function defined as

Z=Trlexp(-7dksT)]

in the powder. We also verified that the values@f(T)
andM(B,) calculated considering dipolar interaction within
dinuclear units differ by less than 0.2% from those neglecting
interactions, justifying the use of eq 2 in the experimental

Since the susceptibility measurements were performed at |0Wrange of temperature.

magnetic field (25 mT), the susceptibilipy, was calculated
by dividing M(B,,T) by B, andu. was calculated using eq
1.

The parameterg andJ, for 1 were obtained from a global

The magnetic properties of the Nd sample displayed in
Figure 4a and b are determined by the crystal-field splitting
into five Kramers’ doublets within an energy span of few
hundred units (cm'), expected for thélg, ground term of

fit of egs 1, 2, and 3 to the experimental values of the o Nd(I11) ion in a low-symmetry environmeff-4é At 2

effective magnetic momept«(T) and magnetizatioM(B,,T)
displayed in Figure 3a and b, using egs3l We calculated
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K, where the magnetization measurements were performed,

one should expect only ground-state doublet contributions.
Thus, the magnetization curve of Figure 4b is the result of
population changes within the ground-state doublet, split by
the magnetic field. Accordingly, we modeled the magnetiza-
tion data for the powder sample of compouhds coming
from an effective spin&s, of 1/2 with an effective angular
average of the anisotropig factor, ger, €xpected for a
ground-doublet state in a low-symmetry environment. To
determine this parameter, a single-crystal EPR experiment
at low T would be necessar{j.>! A least-squares fit gives
Oett = 2.52, and the calculated magnetization curve (solid
line in Figure 4b) is in very good agreement with the
experimental data. No further improvement of the fit is
obtained by introducing exchange interactions between
effective spins within the dinuclear unit. In comparison,
single-crystal EPR measurements reported by Bleaney‘®t al.
for Nd(Ill) impurities in La ethylsulfate gave an average
value ofg = 2.56 for the ground-state doublet, and Hutchison
and Wong§° and Halford* reported an average value of 2.51
for Nd(Ill) impurities in LaCk. Our result,ges = 2.52, is
similar to these values.

The magnetic susceptibility data displayed in Figure 4a is
the result of the depopulation of the excited crystal-field

levels when the temperature is decreased and could bQ(/fdip(iJ)

explained if optical spectroscopy information would be
available for compoun®. As an example, Gruber and
Satteri® found that the two first-excited Kramers’ doublets
are at 149 and 154 crhfor Nd(lll) in La ethylsulfate and,
Eisensteif found that these doublets are at 115 and 123
cm~* for Nd(lll) in LaCls. Similar values would be expected
for compound2.

The EPR spectrum of a powder sample of compolisd
shown in Figure 5. The dinuclear model of eq 2 explains

1 1 1 1 1 1 1
= Experimental -
/" @J,=0039 em™, D =0cm”
- r SIREEEE ()7 =0.039 em™, D = 0.022 em}
= \ o °
=, . ]
mo
=
=
=
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.80
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Figure 5. Room-temperature EPR spectrum of Gd(lll) citrate. The solid
line is the experimental result. The dashed line is a simulation assuming
that only exchange and Zeeman interactions (eq 2) contribute. The dotted
line is a simulation that also considers the dipolar interaction within the
dinuclear unit.

deformations, broadening, and structure of the spectrum, as
observed in Figure 5. The dipolar interactions between two
spinsi andj at a distancel, connected by a unit vectdr,

can be written under the point-dipole approximation as

D)

_HBE
= 7

921“32
o

whereD, = g?us?d,® = 0.022 cm? andD; = gPus?d;® =
0.008 cm? for the nearest- and next-nearest-neighbor Gd
pairs, respectively, both having the same orders of magnitude
of the expected exchange interactions. Further, because of
the weak distance dependende of the dipolar interactions

[S'S — (S-S (4)

the susceptibility and magnetization data, yet a more sophis-and the growing number of Gd(lll) neighbors at longer
ticated model is needed to explain its EPR spe€tfaThis distances (increasing proportionallyd®), a wide distribution

is because the magnetic parameters are an average over fielgf magnitudes and orientations of the dipolar interactions
orientations but the EPR spectrum is a convolution over field petween one Gd ion and neighboring Gd ions in the same
orientations. Also, in eq 2, the Heisenberg isotropic-exchangeand in other ladders are expected to contribute to the
interaction term commutes with the Zeeman term and the spectrum. Considering only the dipolar interactions between

EPR spectrum of a dinuclear unit with identical and isotropic
g factors and no zero-field splitting or magnetic-dipolar
interactions would be identical to that obtained for a single
spin. However, the spectrum strongly depends on dipolar
interactions except when exchange interactions are very large
and exchange narrowing processes appfeBipolar inter-
actions and zero-field splittings shift the resonance signal
as a consequence of magnetic-field orientation, producing

(47) Eisenstein, J. Cl. Chem. Phys1963 39, 2134.

(48) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of
Transition lons Clarendon Press: Oxford, 1970.

(49) Bleaney, B.; Scovil, H. E. D.; Trenam, R. Broc. R. Soc. London
1954 A223 15.

(50) Hutchison, C. A.; Wong, El. Chem. Physl958 29, 754.

(51) Halford, D.Phys. Re. 1962 127, 1940.

(52) Bencini, A.; Gatteschi. DElectron Paramagnetic Resonance of
Exchange Coupled Systen@pringer: Berlin, 1990.

(53) Weil, J. A.; Bolton, J. R.; Wertz, J. EElectron Paramagnetic
Resonance. Elementary Theory and Practical Applicatidiidey:
New York, 1994.

(54) Anderson, P. WJ. Phys. Soc. Jprl954 9, 316.

Sy and S within the dinuclear unit, we added the dipolar
interaction to eq 2

_ N o(ﬂA.f)(ﬂB'f) _
d d?
DO[SAXSBX + SAySBy - ZSAzsaz] %)

which assumes th&, andSs are along the direction (this
is irrelevant in the final result because tlgefactor is
isotropic). The next approximation to the problem would be
to consider the dipolar interactions of one dinuclear unit with
the two neighboring dinuclear units in a ladder chain.
Considering the contribution of the zero-field splitting of Gd-
(111) ions would introduce several new experimental param-
eters and could be done only in cases where single-crystal
EPR data were available.

Together with the observed EPR spectrum (solid line), we
include in Figure 5 two simulations obtained with Easy&pin

7
dip
7
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Table 4. Magnetostructural Information about Ferromagnetic and Antiferromagnetic Bridges Connecting Gd(Al) lons

compound Jo(cm™b) bridge topology angle Gd-O—Gd (deg) Gd-Gd distance (A) ref
a [Gd(Hcit)(H20)2:H20]n 0.039 A 118.49 4.321 this work
b [Gd(AcO)s(H20)7]-4H20 0.060 A 115.48 4.206 28
¢ [Gdx(LYa(H20)g]n 0.048 A 116.71 4.276 30
d [Gd(L?)(H.0)(SQ)]n 0.024 ~ 113.64 4.143 31
e[Gd,BzO)(phen}] —0.430 B 101.47 4.053 22
f [Gd(L3)6(phen)] AFM¢ B 104.94 3.937 27
g [Gda(L3)e(H20)4]-4bpa AFM B 105.64 3.992 32
h [Gdx(L3)e(bipy):] AFMd B 106.08 3.936 32
i [GA(H2LAHL4)(L4)(H20)]n 0.037 C 111.85114.29 4.187 29

a| 1 = 1,3-propanedioic (2), L? = isonicotinateN-oxide (1-), HL3 = trans-2-butenoic acid, Ht = salicylic acid. Compounds with unknown X-ray
structure&®23 or 3d metal ion&-25are not included® Bridging motifs A and B are centrosymmetric. C is noncentrosymmetiitie two O bridges in the
Gd,0, core belong to sulfate group$Reported to be antiferromagnetic (AFM), but the valugloivas not calculated.

where the Ln ions are surrounded by 9 water oxygens, there
is a maximum splitting of=124 mT of the outermost peaks
+5/2 < £7/2. Since splittings within these magnitudes are
not observed in the experimental spectrum, we suggest that
the corresponding values farare probably smaller. Indeed,

a reduction of the zero-field splitting is expected because of
the spin dynamics introduced by the exchange interactions.
A single-crystal EPR study would be needed to analyze this
problem in more detail. This was not possible in the present
work because the available single crystals of Gd citrate were

Figure 6. Chemical bridges supporting exchange interactions between Gd- too small.

(1) ions in homodinuclear units reported to be ferromagnetic (A and C)  The value of], obtained for compountl can be compared
and antiferromagnetic (B). with the values observed for related complexes containing

in the cases where (a) only tlefactor and the exchange simila_r dinuclear Gg, units. Figure 6 schematically
interactionJ, evaluated from the magnetic data are consid- describes the dinuclear block of compoundA, together
ered (eq 2) (dashed line) and (b) dipolar interactions betweenWith two other bridging motifs, B and C, corresponding to
nearest neighbor Gd(lll) ions are introduced, as calculated c0mpounds for which magnetic and structural data are
from the structural data (eq 5) (dotted line). The same availablei®*®3! (Table 4). The ferromagnetic compounds
intrinsic line width is assumed in a and b. As explained @—d, with bridging motifs of type A, havé, values between
above, case a produces the narrow spectrum expected foP-024 and 0.060 cnt and Gd-O—Gd angle values between
uncoupled Gd(lll) ions without zero-field splitting. Case b 114 and 119. Centrosymmetric compounds-h show a
gives a structured broader spectrum, closer to the experi-Pridging motif B involving two symmetry-related O bridges
mental result, but with extra central splittings. The next ©Of type A, plus two syr-syn bidentate carboxylate bridges.
approximation to the simulation would be a molecule !N these compounds, the GO—Gd angles in the GO,
containing 6 Gd atoms, corresponding to three neighbor COres are smaller than 1Q&nd the interactions are reported
dinuclear units in a chain with additional dipolar couplings o be antiferromagnetic.
with magnituded; = 0.008 cn! and different sets of axes The magnitude of the exchange interaction is the result
(Figure 1). Six Gd (7/2) spins would represent a quantum of ferromagnetic and antiferromagnetic contributions. The
system with 8 = 262144 states, hard to analyze even with latter strongly depends on the overlap integral of the chemical
large computers. However, it is reasonable to assume thatpath connecting the unpaired spfiSince the ferromagnetic
the dipolar interactions between Gd neighbors along the contribution dominates in the compounds with dinuclear units
uprights of the ladders would average out the features of of type A, the overlap integral along the 6®—Gd bond
the central part of the spectrum simulated considering only should be small. The incorporation of two additional syn
exchange and dipolar interactions within a dinuclear unit. syn bidentate carboxylates in compounds of type B decreases
In addition, since dipolar interactions decrease in magnitudethe angles and distances in the tridentate carboxylate oxygen
asd—2 and the number of interacting neighbors increases asbridge increasing the overlap integral and thus the antifer-
d?, simulated spectra obtained considering Gd neighbors atromagnetic contribution to the exchange coupling, which
longer distances would approach the experimental spectrumproduces the change of sign&f Compound has a bridge

In the previous discussion, we did not consider zero-field of type C with two tridentate carboxylate oxygens, as in A,
splitting terms. We do not mean that they should be but only one syasyn bidentate carboxylate bridge. In this
neglected, yet we consider that for this system the main case, the value of the GdD—Gd angle and the distance
features of the observed powder spectrum can be wellbetween the Gd(lll) ions falls between those for types A
explained by only assuming dipolar interactions between Gd and B, and the ferromagnetic coupling still prevails. The
ions. According to early results of Bleaney et“dlfpr Gd- number of case studies available is rather scarce so it is not
(11 ions magnetically diluted in Lanthanum ethylsulfate, possible yet to make a quantitative correlation between the
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magnitude of the exchange interactions and the geometricalspectrum can be well explained only assuming dipolar

parameters of the bridges. The uncertainties in the values ofinteractions between Gd ions.

the coupling constant),, calculated under different ap-
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