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The new heteronuclear iminodiacetic acid.i(jicomplexes [LnCe(us-OH)s(HL)2(L)4](ClO4)2:25H,0 with Ln

= La (1) and Tb @) have been prepared in agueous solution and characterized by single-crystal X-ray diffraction
to be isomorphous (crystallographic data foand2: hexagonalP6s/m; a = b = 12.6425(14) Ac = 24.541(5)

A Z=2(1); a=b=12.5802(9) Ac = 24.285(4) A,Z =2 (2)). Ln®" was found to be located in the center

of the trigonal prismatic cage formed by six €ons, with a tricapped trigonal prismatic coordination environment

of nine O atoms. The magnetic properties of complekemd 2 have been studied. The results indicate the
presence of ferromagnetic couplings betweef™Tdand C@" in compound2.
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Cu coupling, due to the fact that, for otherdnions, one has

Table 1. Crystal Data forl and2
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to consider the effects of both orbital contributions and crystal 1
i 17,18 i iffi i _
f|¢|ds. Thgs, detailed analyses are difficult or even impos chem formula LaCiCoHoiClNeOs  ThCUCotHeClNOm
sible. Up until now, reports on L.ACu complexes other than ¢, 2009.02 2029 04
those of Gd have been rather Sca“\‘tﬁ@.‘ﬁe’g‘7 Crys’[ System hexagona| hexagona|
Many heteronuclearfd metal complexes have been prepared space group P6s/m P6s/m
and structurally characterized, though only one structural type T (K) 291 291
of heptanuclear+d clusters, LnNj (Ln = Sm, La), centered A 0.71073 0.71073
; 4 Pcalcd (g CI’TT3) 1.964 2.025
by an icosahedral 131, was reported* A number of rare earth (mm-9) 2 663 3139
metal cpmplexes with iminodiacetic acid ligands have been 3 (A) 12.6425(14) 12.5802(9)
synthesized? 22 but only a few of them are heteronucléar. c(A) 24.541(5) 24.285(4)
Furthermore, they all tend to form extended 3D networks. As o (deg) 90 90
a result, mixed, multinuclear lanthanigleopper complexes with {’/(‘}iegg) ?)13?;’6 o0 %ggs a6
H,L ligands have not been obtained previously. z( ) 5 ©) 5 4(6)
Herein we report the preparatipns and structural and magnetic no. of indep reflns 2043 2001
characterizations of two novel mixed, heptanuclear lanthanide R 0.0497 0.0495
copper complexes with iminodiacetic acid ligands, [La@st R 0.1374 0.1374

OH)s(HL)2(L)4](ClO4)2-25H,0 (1) and [ThCu(us-OH)s(HL)2-
(L)4](ClO4)2:25H,0 (2). Comparison of the variable-temperature

AR = J[IFol — [Fell/XIFol. ® Ry = [SW(Fo* — FA)/yW(Fo)? "2

magnetic susceptibility measurements for the two compounds Table 2. Non-Hydrogen Atomic Coordinates<(0%) and Equivalent

indicates the existence of a ferromagnetic-TQu interaction

Isotropic Displacement Parameters?(A 10°) for 1

in compound2.

Experimental Section

Materials and Instrumentation. All starting materials were analyti-
cal reagents from the Beijing Chemical Reagent Co. Sodium imino-
diacetate (Nz.) was obtained by direct reaction of iminodiacetic acid
with sodium hydroxide in aqueous solution. Analyses of C, H, and N
were performed on a German Elementar Vario EL instrument. Metal
contents were determined with an IRIS/AP plasma spectrometer. IR
spectra were measured using KBr pellets with a Nicolet Magna-IR 750
spectrometer at 295 K. Thermal analyses were performed on a Du Pont
1090B thermal analyzer.

Synthesis of [LaCus(#3-OH)3(HL) 2(L) 4](ClO 4)2:25H,0 (1). Aque-
ous solutions of Cu(Clg), (2.0 M, 0.5 mmol) and La(Clgs (1.0 M,
0.5 mmol), 0.25 and 0.5 mL each, were mixed together. Under vigorous
stirring, 1.0 mL of an aqueous solution of sodium iminodiacetate (0.5
M, 0.5 mmol) was then added to the mixture. The color of the solution
turned immediately from sky to deep blue. The pH value of the solution
was adjusted carefully to ca. 5.0 using aqueous ammonia. The reaction
mixture was left to stand at room temperature for 2 days. Deep blue
hexagonal prismatic crystals were collected thereafter. Previous to C,
H, N analyses, the loosely bound crystalline waters were eliminated
easily by keeping the products at 6G until constant weights were
reached. Anal. Calcd for LaGQ.sHs/NsCl.Os; (after losing nine
crystalline water molecules per complex molecule): C, 15.61; H, 3.66;
N, 4.55. Found: C, 15.27; H, 3.45; N, 4.57. Calcd for LaCuHgs-
NeCl20s0: La, 6.91; Cu, 19.0. Found: La, 6.89; Cu, 18.9.

Synthesis of [TbCu(us-OH)3(HL) 2(L) 4](ClO 4)2*25H,0 (2). The
Tb complex2 was synthesized by the same procedure that fdt. as
Anal. Calcd for ThCyCzHe7NsCl-Os:1 (after losing nine crystalline
water molecules per complex molecule): C, 15.44; H, 3.62; N, 4.50.
Found: C, 15.00; H, 3.21; N, 4.32. Calcd for ThCuHssNsCl2O0s0:
Th, 7.83; Cu, 18.8. Found: Thb, 8.13, Cu, 18.2.

X-ray Data Collection and Structure Determination. Crystals with
the dimensions 0.3& 0.32 x 0.24 mm () and 0.38x 0.26 x 0.24

(15) Sakagami, N.; Tsunekawa, M.; Konno, T.; OkamotoCKem. Lett.
1997 575.

(16) Decurtins, S.; Gross, M.; Schmalle, H. W.; Ferlay|r&rg. Chem.
1998 37, 2443.

(17) Furrer, A.; Gel, H. U.; Krausz, E. R.; Blank, HPhys. Re. Lett.
199Q 64, 68.

(18) Lueken, H.; Hannibal, P.; Handrick, K. Chem. Phys199Q 143
151.

(19) Albertsson, J.; Oskarsson, Acta Chem. Scand.968§ 22, 1700.

(20) Oskarsson, AActa Chem. Scand.971, 25, 1206.

(21) Albertsson, J.; Oskarsson, Acta Chem. Scand.974 A28 347.

(22) Li, J.-R.; Zhou, L.-P.; Jin, T.-Z.; Yu, K.-BChem. J. Chin. Uni. 1997,
18, 1255.

X y z U

La 3333 6667 2500 18(1)
cu 944(1) 4195(1) 1811(1) 31(1)
Cl 3333 6667 51(2) 65(1)

o1 1702(4) 5987(4) 1777(2) 28(1)
02 1614(4) 7472(4) 1330(2) 35(1)
03 ~225(4) 2463(4) 1825(2) 44(1)
04 —2035(7) 1134(6) 1504(4) 99(3)
05 1775(5) 4360(5) 2500 23(1)
06 3333 6667 607(6)  117(6)
07 2140(9) 5823(11) —126(5)  159(5)

08 24(10)  1282(7) 2500 66(3)
09 2429(13)  2586(11) 2500 99(4)
010 431(9) 8165(8) 500(4)  114(3)
011 0 0 758(5)  101(5)

012 0 0 1891(5)  106(5)

013 891(11)  3398(10) 138(5)  139(4)
014  —3845(10)  2213(10) 2500 28(2)
015  —4805(11) 663(12) 2500 43(3)
N 120(5) 4209(5) 1136(2) 41(1)
c1 242(6) 5426(6) 1061(3) 36(2)
c2 1266(5) 6388(5) 1406(2) 26(1)
c3 ~1099(7) 3140(7) 1149(4) 58(2)
c4 ~1136(7) 2163(6) 1517(4) 53(2)

aUeq is defined as one-third of the trace of the orthogonalizgd
tensor.

mm (2) were picked out from paraffin oil and sealed into thin-walled
capillaries for structure determination. Intensity data were collected on
a Siemens P4 diffractometer with Maxadiation in thew-scan mode.
The unit-cell parameters df and 2 were determined from a least-
squares refinement of 4@)(and 28 ) reflections. Totals of 2043 and
2001 independent reflections were collected in the ranges &2
< 32.30 and 6.26 < 20 < 31.78 for 1 and2, respectively. Empirical
absorption corrections were applied using the XPRED progfarne
structures were solved and refined with direct methods and difference
Fourier syntheses and then further refined with full-matrix least-squares
calculations using the Siemens SHELXTL/PC systénAll non-
hydrogen atoms were refined anisotropically. Hydrogen atoms in the
HL ligands of complexed and2 were assumed to be in a statistical
distribution. Details of the data collections and refinements are listed
in Table 1. Non-hydrogen atomic coordinates are given in Tables 2
and 3.

Magnetic MeasurementsMagnetic measurements were performed
on a Quantum Design MPMS-7 SQUID magnetometer and an Oxford
MagLab2000 System in the temperature rang&@0 K and under an

(23) SHELXTL Version 5 Reference Manu&lemens Industrial Automa-
tion, Inc.: Madison, WI, 1994,
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Table 3. Non-Hydrogen Atomic Coordinates<(L0*) and Equivalent

Isotropic Displacement Parameters?(A 10®) for 2

X y z U

Th 3333 6667 2500 19(1)
Cu 966(1) 4221(1) 1817(1) 34(1)
Cl 3333 6667 46(2) 68(1)
o1 1761(4) 6032(4) 1791(2) 28(1)
02 1657(4) 7510(4) 1335(2) 39(1)
03 —222(5) 2482(4) 1833(2) 45(1)
04 —2017(7) 1143(6) 1503(4) 104(3)
05 1844(5) 4442(5) 2500 23(1)
06 3333 6667 618(5) 106(5)
o7 2171(10) 5786(11) —158(4) 156(5)
08 6(11) 1304(7) 2500 67(3)
09 2463(13) 2614(11) 2500 99(4)
010 482(11) 8202(9) 555(5) 141(4)
011 0 0 745(5) 100(5)
012 0 0 1894(5) 108(5)
013 861(12) 3337(12) 120(5) 167(5)
014 —3811(11) 2254(12) 2500 32(3)
015 —4791(12) 656(13) 2500 45(4)
N 132(6) 4244(6) 1134(3) 51(2)
C1 282(7) 5467(6) 1060(3) 40(2)
Cc2 1306(6) 6413(6) 1415(3) 30(2)
C3 —1079(8) 3161(8) 1135(4) 61(3)
Cc4 —1133(8) 2178(8) 1518(4) 56(2)

Liu et al.

Figure 1. ORTEP drawing of compleg.

Table 4. Selected Bond Lengths (A) and Angles (deg) fofLn =
La) and2 (Ln = Tbh)

@ Ueq is defined as one-third of the trace of the orthogonaliZgd
tensor.

applied external magnetic field of-1L0 kOe. Diamagnetic corrections
were estimated on the basis of Pascal's consténts.

Results and Discussion

IR Spectroscopy.The IR resonances ofC(=0)—0—],
vadCOO0) andv{COO), in free (HL) and coordinated (HL)
ligands were compared. After coordination to the metal centers,
vad{COO) blue-shifted 42 cmi, from a value of 1583 in kL
to 1625 cntt in HL of compoundl. One of the symmetrical
resonance frequenciesgs(C0OO), shifted 33 cmt, from 1397
up to 1430 cm?, and the other shifted 18 crhy down to 1379
cm™1, after coordination. This suggests there are two carboxyl
group coordination modes for the metal idAsThe value of
v(C—N) in 1 shifted 92 cm?! down to 1118 cm?, which
indicates that the N atoms in the ligands are also coordinated
to the metal ions. The presence of water molecule$ was
proved by the strong and broad OH resonance,
v(OH), at 3426 cm'. The IR spectrum o2 was found to be
very similar to that ofl.

Thermal Analyses. Crystalline compound4 and 2 were
found to start losing part of their crystal lattice water molecules
at relatively low temperatures (around 30), as detected by
thermal analyses. The rate reaches a maximum &E5A total
of nine crystalline water molecules were lost for each molecule
of compoundl or 2 in the temperature range 36-60.0 °C.
Loss of weight found:1, 7.98%;2, 8.03%. Loss of weight
calculated for loss of nine water moleculels:8.07%:;2, 7.99%.

These values agree very well with the elemental analysis results.

Description of Structures. Compoundsl and2 are isomor-
phous, which was established by X-ray crystallography. An
ORTEP drawing of2 is shown in Figure 1. Selected bond
lengths and angles are given in Table 4.

(24) Kahn, O.Molecular MagnetismVCH Publishers: New York, 1993,
p 104.

1 2
Ln—01 2.523(4) 2.436(4)
Ln—05 2.577(5) 2.470(6)
Cu-01 1.972(4) 1.979(4)
Cu-03 1.935(4) 1.938(5)
Cu-05 1.947(3) 1.935(3)
Cu-N 1.961(5) 1.971(6)
Cu-02E 2.354(4) 2.288(5)
01-Ln—01C 76.04(15) 75.59(16)
01-Ln—01B 89.33(19) 89.9(2)
01-Ln—O1A 138.34(7) 138.56(8)
01-Ln—05 65.32(12) 66.23(13)
01-Ln—05C 73.15(13) 72.41(14)
01-Ln—O5E 135.03(10) 134.85(11)
05-Ln—05C 120.000(1) 120.000(1)
01-Cu-N 84.79(19) 85.6(2)
01-Cu-03 163.4(2) 164.0(2)
01-Cu-05 89.26(19) 86.4(2)
01-Cu—O2E 94.60(17) 94.59(18)
03-Cu-N 85.3(2) 85.3(2)
03-Cu-05 99.9(2) 101.9(2)
03-Cu—02E 99.0(2) 98.8(2)
05-Cu-N 173.4(2) 171.8(3)
0O5-Cu—02E 90.97(18) 90.85(19)
N—Cu—02E 92.3(2) 91.9(3)
Cu-01-Ln 101.92(15) 102.44(17)
Cu-05-Ln 100.81(17) 102.59(19)
Cu-05-CuB 120.7(3) 118.1(3)

a Symmetry transformations used to generate equivalent atoms: (A)
—X+y, —x+1,-z+Y; (B) XYy, —z+ Yy (C) —x +y, —x + 1,
z(D)-y+1Lx—y+1,-z+Y (E)-y+1,x—-y+1,z

The coordination polyhedron with the nine-coordinated*Th
in the center can be described as a tricapped trigonal prism.
The six carboxyl oxygen atoms (O1, O®1E) from six
different L's define one trigonal prism, and the three oxygen
atoms from three:s-OH groups form the cap (Figure 2). The
Th—O(prism) bond lengths, 2.436(4) A, are equal, as are the
Tbh—O(cap) bond lengths, 2.470(6) A, which are slightly longer
than the Th-O(prism) bond lengths. The coordination environ-
ment thus defined around b appears to be highly sym-
metrical. Two other mixed lanthanigd&opper complexes with
iminodiacetic acid ligands, [Li€Cus(L)e-9H.0], (Ln = Gd, Pr),

(25) Nakamoto, K.Infrared Spectra of Inorganic and Coordination
Compounds4th ed.; John Wiley & Sons Inc.: New York, 1986; p
258.

(26) Bowen, S. M.; Duesler, E. N.; et &horg. Chim. Actal982 61, 155.

(27) Glick, M. D.; Radonovich, L. Jinorg. Chem 1971, 10, 1463.

have been reportédcThey are both large molecules composed
of three-dimensional networks. The coordination polyhedrons
around the lanthanide ions are distorted tricapped trigonal
prisms. The observed geometries of nine-coordinated lanthanide
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Figure 2. The trigonal prismatic cage formed by six €uons and
the bridges among Pb and six Cd" ions (05, O5C, and O5E are
from the threeus-OH~ groups; O1 and OlAO1E are from the
carboxyl groups of six ligands).

ions are usually asymmetrical monocapped square antigfidtns
or distorted tricapped trigonal prisri%2” On the other hand,
highly symmetrical coordination polyhedron€sf), such as
those for TB" in complex2, have limited precedents among
4f—3d and 4f coordination complexes. The®Cions in2 are

all five-coordinated, exhibiting a distorted tetragonal pyramidal
geometry. The bottom of the pyramid is defined by the two
oxygen atoms (01, O3) and one nitrogen atom from one L and
by one oxygen atom from the;-OH™~ group. An oxygen atom
(O2E) from another L occupies the apex position of the pyramid.
Thus, L is a tridentate ligand chelating to one*Cion and is

a monodentate ligand coordinating to the other. The ligand is
chelated to C#, forming two five-membered rings. Because
of the high stability of five-membered rings, the €0 (bottom)
(Cu—01=1.979 A; Cu-03=1.938 A) and the CuN (1.971

A) bond lengths are much shorter than the-Qu (top)
(Cu—02E = 2.288 A) bond length.

The cluster ir2 contains two parallel layers, each layer being
composed of three Ctiions and three ligands. Six €uions
form a trigonal prism with the T3 ion located in the center.
The six Th--Cu distances, 3.453 A, are equal, and they are
comparable with the SmNi separations, 3.70 A, in another
heptanuclear cluster complex, SrgiiaThe Cu--Cu separation
between two different layers (3.32 A) is much shorter than the
Ni--+Ni separation of 5.23 A, while the GuCu separation in
the same layer (5.24 A) is similar to the-NNi separation (5.23
A). Since the ion radius of Gt is slightly larger than that of
Ni2*, the nonbonding distances between the metal ions in
complex2 are considerably short, compared to those in SnNi

The cause is probably associated with the magnetic properties

of the complexes.

The TB* ion lying between two layers is bridged to the six
Cuw?t ions by threeus-OH™ groups and six carboxy,-O atoms
from six different ligands. The two layers are connected by the
nine-coordinated T4 and threg:s3-OH™ groups. Eacluz-OH~
is coordinated to TH™ and to two C&" ions from both layers,
as shown in Figure 2.

The coordination modes of the two carboxyl groups in each
ligand are different: one possessessdridge, in which O1 is
coordinated to TH" and Cd" and O2 is coordinated to another
Cw?t in the same layer, forming a Th,Ew,-O—C—0O—Cu
mode; the other carboxyl group is monodentately coordinated
to CL2™. This observation is consistent with the IR predictions.

Inorganic Chemistry, Vol. 39, No. 12, 200@491
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Figure 3. Plot of the magnetic susceptibilifgs and theymT product
vs T for [LaCus(us-OH)s(HL)2(L) 4)(ClO4)2:25H,0 (1). Solid lines show
the best fit of the data (see text).

The closest intermolecular TBTb and Cu-+Cu distances
are 12.58 and 8.35 A, respectively. The O atomgpOH~
groups, N, and all the carboxyl O atoms, except the bridging
one, participate in hydrogen bondings. Among these atoms, O2,
N, and O5 only participate in intramolecular H-bonding, the
uncoordinated O4 only participates in intermolecular H-bonding,
and O3 is involved in both intra- and intermolecular H-bondings.
The rich intermolecular H-bondings involving O3, 04, and
crystal lattice water molecules link the clusters into a 3D
network.

The structural features df are primarily the same as those
of 2, except that the volume of the crystal cell bfs slightly
larger than that oR. This may be reflected in the lanthanide
contraction.

Magnetic Properties. Temperature dependencies of magnetic
susceptibilitiegym and ofymT for 1 measured at 10 kOe field
using the SQUID magnetometer are shown in Figure 3. The
mT value at room temperature (2.23 €mol~ K) is very close
to the expected value of 2.25 émol~* K for six noninteracting
spin-only C@" ions. As the temperature decreasgg] first
decreases slowly at higher temperatured@ K) and then
drops very rapidly to a nonmagnetic ground state at low
temperaturegyu reaches a maximum around 20 K. According
to the structural data, compoufidnay be considered as “three
interacting dimers”, (Cg)s, with intra- and interdimer Cu-Cu
separations of 3.32 and 5.24 A, accordingly. The magnetic data
were fit to a Bleaney Bowers equatiof? which was derived
from the HamiltoniarH = —JS$;S,, taking into account the mean
field approach. The best-fit parameters are intradider
—24(1) cn1?, interdimerzJ = —13(2) cn1?, g = 2.07(1), and
R=S[ymTca — xmTobd %S [xmTobd? = 6.4 x 104 The results
indicate that the interactions, either inter or intra, in the copper
couples are all antiferromagnetic in character.

Temperature dependencies@fT for compound measured
in the range 4300 K at 10 kOe field using the SQUID
magnetometer and the MagLab2000 system are overall super-
positioned on each other, as shown in Figure 4. i€ value
at room temperature is 14.57 émol™! K, slightly larger than
the calculated value (14.06 émol~1 K) for one T3 with
free-ion ground statel(= 6, g = 3,)?8 and six spin-only C#"
ions. Upon coolingyu T remains almost constant until ca. 100
K, where it begins to increase obviously noticeably, and reaches
a maximum around 2530 K. With further cooling, ymT
decreases quickly. Due to the complexity of the systen®for

(28) Boudreaux, A.; Mulay, L. NTheory and Application of Molecular
ParamagnetismJohn Wiley & Sons Inc.: New York, 1976; p 271.
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Cu coupling in2. Meanwhile, the depopulation of the excited
Th3" stark components will decrease theT value upon
o 10k0e ;hsﬂgitl;ﬁmm cooling3® On the other hand, low-temperature magnetic data
(2—35 K) measured at different external fields from 1 to 10

kOe (shown in the insertion of Figure 4) suggest the presence
of field saturation effects. Overall, all the factors mentioned
above, except for the ThCu interaction, could be contributing
to the decrease in thg,T values upon cooling. Therefore, the
increase of they T values upon cooling from 100 to 250 K
provides a fair argument supporting the ferromagnetic nature
of the coupling between P and Cd". The fast drop ofmT
below 15 K may be due to increasing efficiency of the
o s 103 22 0 antiferromagnetic coupling between the copper couples, ligand
10 —— T T T field effects of TE™, and field saturation effects, all of which
0 % 100 190 200 250 %00 void the ferromagnetic coupling between the3Tland C3*

T/K ions. Further investigations of the magnetic properties of

Figure 4. Plot of theyuT product vsT for [TbCus(us-OH)s(HL)- heptanuclear complexes are in progress.

(L)4](ClO4)2-25H,0 (2), measured at different external magnetic fields
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its magnetic behavior will be affected by many factors, e.g.,
the Tb-Th, Cu—Cu, and Tb-Cu interactions, ligand field
effects of the TB" ion, and field saturation effects. Because of Fundamental Research (G1998061306).

_the 'afge separation between the3Thons (12.58 _A_)' the Supporting Information Available: X-ray crystallographic files
interactions between them are expected to be negligibly small.j, ciF format. This material is available free of charge via the Internet
Since2 is isomorphous witH, the geometry of the Cti ions at http://pubs.acs.org.

in 2 is very similar to that inl. The magnetic interactions

between the Cii ions in 2 might also be antiferromagnetic 1C990860K

(AF) as in1. We noticed that the MM exchange interactions -

might be sensitive to the MO—M angles?® though it seems ~ (29) ngm:r?gfeg'ﬁsgméégl Kﬁcﬂ',ii;eﬂg)gci';sr%pgt' (';hsr"’r‘]al'gggkv

that the difference in the CtO—Cu angles (2.9 between2 38, 5870.
andl is not large enough to change the AF nature of the-Cu  (30) Sutter, J.-P.; Kahn, M. L.; Kahn, @dv. Mater. 1999 11, 863.



