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The reaction of Ln(lll) ions with a tripodal ligand HBpz (hydrotris(pyrazol-1-yl)borate) and a “complex ligand”
[Cr(acac)(ox)]” (acac = acetylacetonate, 8x = oxalate) in aqueous solution afforded a series of the novel
3d—4f heterodinuclear complexes [(ac#C)(ox)Ln(HBpz),] (Ln = Eu (1), Gd @), Tb (3), Yb (4), Lu (5)). The

crystal structure off has been determined by X-ray diffraction. Compkexrystallizes in monoclinic space
groupP2/n, of which the cell parameters ase= 8.594(3) A,b = 18.538(4) A,c = 12.093(2) A8 = 93.71(2),

andZ = 2. The Yb atom has an eight-coordinate distorted square antiprismatic coordination geometry. The
intramolecular Cr-Yb distance is 5.631(1) A. The magnetic susceptibility data for complstowed that the
Cr'—Gd" interaction is weakly antiferromagnetic with an exchange coupling condgast = —0.09 cnr™.

The luminescence measurements demonstrated the energy transfers for both-=nQit(jil) and Cr(lll) —

Ln(l11), of which the degree of emission quenching depends on the energy gap of the excited levels in two metal
centers. These results reveal that the meatadtal interactions between Cr(lll) and Ln(lll) are very weak in
magnetic interaction but are strong from the viewpoint of energy transfer.

Introduction interaction between the square planar diamagnetic Ni(ll) and
paramagnetic Ln(lll). Further, a magnetic study of the?V’©
Gd(lll) dinuclear complex has recently been communicéated.

The simplicity of the magnetic properties of Gd(lll) ion

A large number of heteropolymetallic compounds have been
investigated from a unique physicochemical point of view
arising from metatmetal interactions. As models for novel

magnetic materials, especially concerning high-temperaturega.‘c'"ta;tef exq;plnatlo:\:sl .cgrgg Ieileﬂf(jmaglrletlc mterlactltégslfzor
superconducting ceramics, much attention has been paid to Iscrete transition metal | (Ill) dinuclear complexes.

heteropolymetallic compounds including both transition metal These magnetic interactions between the transition me_tal ion
ions [Cr(lll),2 Fe(ll), Co(ll),4 Nill), 5 Cu(ll),6~° Zn(I1)19] and and Gd(lll) are found to be weaklygfgromagnenc_m wh_@:h

lanthanide ions. Very recently we succeeded in synthesizing values are usually less than 10 chfi .Frpm the viewpoint .
new 3d-4f heterotrinuclear complexes, [NiLn(HBpzs)2} 5] [L of energy transfer, however, Eu(lll) emissions decrease drasti-

= 1,3-trimethylenebis(oxamidate) or 1,2-ethylenebis(oxamidate), call)t/ qgtho the e{wr:ergy transfe; fdrpm th?hexcited 4fwt@0 3d
HBpz:~ = hydrotris(pyrazol-1-yl)borate], with novel linear =~ CEMEr" HOWEVEr, there are no studies on the reverse=

Ln!l—Ni"'—Ln" structured? In this case, there is no magnetic energy transfer or on the effect of the lanthanide ions in the
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complexes excluding a few reportdor the doped glasses. To Measurements. Infrared spectra, UV/vis absorption spectra, and
examine these subjects, "'GrLn"' dinuclear complexes are  FAB mass spectra, were recorded on a Shimadzu IR-435 spectropho-
suitable because Cr(lll) usually displays a relative intense tometer using Nujol mulls, a Perkin-Elmer Lambdal9 UV/vis/NIR
luminescence which may exhibit the 3¢l 4f energy transfer. ~ SPectrophotometer, and a JEOL JMSX102 mass spectrometer,
No discrete CH—Ln" dinuclear complexes have been studied respectively. Magnetic susceptibility data were collected on micro-

crystalline samples of the complexes with use of a SQUID-based sample
so far, though there have been only a few reftspoly- and magnetometer on a QUANTUM Design model MPMS instrument. All

tetranuclear Struc’[_ures W'th light Iantha_nlde ions. data were corrected for ligands diamagnetic susceptibilities estimated
For the synthesis of discrete heterodinuclear complexes, thefrom Pascal’s constants.

“complex ligand” method is appropriate, e.g., with use of &  Luminescence spectra were recorded using a Perkin-Elmer LS50B

[Cr(acac)(ox)]” having one free GO site, as actually dem-  spectrophotometer at room temperature and 77 K, using an excitation

onstrated in our recent studywhere a series of stable 3df slit width of 15 nm and an emission slit width of 10 nm with
complexes containing théLn(HBpzs)2} ™ moiety could be microcrystalline samples. Phosphorescence lifetimesd¢re measured
prepared introducing the concept that-O didentate uni- with the instrument in time-resolved mode and were the average of at

least three independent measurements which were made by monitoring
the decay at a wavelength corresponding to the maximum intensity of

the emission spectrum. The intensity of the emission after the pulsed

excitation was monitored after 20 different delay times.

negative coligands complete the coordination sphere of the
lanthanide ions as reported by Moss and JdheS$his paper
describes the successful synthesis of a series of noveffdd

heterodinuclear complexes, [(acge)(ox)Ln(HBpz)7] (Ln = Crystallography. A purple plate crystal (0.48& 0.24 x 0.08 mm)

Eu (1), Gd @), Tb (3), Yb (4), Lu (5)). Particular attentionsis o complex4, which was obtained by slowly evaporating the complex

focused on the crystal structure of compkxand the metat solution in a mixture of chloroform antthexane, was glued on top of

metal interactions from two viewpoints: the magnetic interaction a glass fiber and coated with a thin layer of epoxy resin. The X-ray

and the energy transfer between the Cr(lll) and Ln(lll). intensities were measured at 23 with graphite-monochromated Mo
Ka radiation ¢ = 0.710 73 A) on a Rigaku four-circle diffractometer

Experimental Section AFC-5R. The 2—w scan technique was employed at a scan rate of

8° min~! in 6 and scan widths of 1.4 0.5 tan6. Final lattice
Synthesis. All chemicals were reagent grade and used as received. constants were determined by least-squares refinements of the orienta-
Lanthanide trichloride hexahydrates (EnEu, Tb, Yb) and triacetate tion angles of 25 centered reflections in the range220 < 30°.
tetrahydrates (Lr= Gd, Lu) were purchased from Wako Pure Chemical Three standard reflections were monitored every 150 reflections and
Industries Ltd. Potassium hydrotris(pyrazol-1-yl)borate was prepared showed no serious decompositidRJ(|Fol)iniiar > 99%]. The intensi-
by the literature methotf. ties collected for @, +k, £I) octants at 2 < 60° were corrected for
Na[Cr(acack(ox)]-Hz0. To an aqueous solution (60 &wf CrCls Lorentz—polarization effects, and absorption corrections were made
6H.0 (1.19 g, 5 mmol) and ¥C,0,-H.0 (0.92 g, 5 mmol) was added by the Gauss numerical integration metidédThe observed inde-
a mixture of acetylacetone (Hacac) (1.00 g, 10 mmol) and KOH (0.56 Pendent reflections with > 30(1) were used for the structural
g, 10 mmol) in water (60 c. The mixed solution became cloudy.  calculations. Systematic absenck@{ k + | odd) indicated the space
This was heated at 68C for 30 min with stirring, until the solution ~ groupPnor P2/n. Assuming the centrosymmetric space grdgin

became clear while forming insoluble red crystals [Cr(agachfter the structure could be solved reasonably by the usual heavy-atom
cooling to room temperature, they were filtered off. The filtrate was Method using SHELXS-86 prograth.There was a crystallographically
poured into a column of QAE-Sephadex (A-25,~Clorm) ion imposedC; axis, on which the Cr and Yb atoms were located. The

exchanger. Elution with 0.1 mam~2 NaCl solution gave a purple positions of hydrogen atoms were obtained by subsequent Fourier-
band of a uninegative complex, leaving slower moving bands. The difference syntheses. The functicBw(|Fo| — |Fc|)* wherew ™ =

purple eluate was concentrated to dryness by a rotatory evaporator. A0%(Fs) + (0.018F.|)? were minimized (refined oR) by the full-matrix
purple powder was dissovled in methanol, and the white residue(sodium'€ast-squares method using anisotropic and isotropic thermal parameters
chloride) was removed by filtration. This was repeated a few times. for all non-hydrogen and hydrogen atoms, respectively. Complex
The Comp|ete removal of NaCl was accompﬁshed by passage ’[hroughneutral atom Scattering factors were ugtdhll calculation were carried

a Sephadex G-10 column. A purple powder was obtained by condens-Out on an SGI Indy workstation using TEXSAN softwéfe.

ing the elaute to dryness by a rotatory evaporator. Yield: 0.57 g

(30%). Anal. Calcd for GHyCrNaQy: C, 38.00; H, 4.26. Found:  Results and Discussion

C, 37.30; H, 4.17. Preparation and Characterization. The elemental analyses
[(acackCr(ox)Ln(HBpz 9] (Ln = Eu (1), Gd (2), Tb (3), Yb (4), P ' Y

Lu (5)). Each agueous solution of Na[Cr(ac#oX)]-H:O (0.076 g, data and the characteristic IR bands for the new complexes are
0.2 mmol, 10 crf) and K(HBpz) (0.100 g, 0.4 mmol, 10 cfp was summarized in Table 1. The elemental analyses sh_ov_v that the
added to a stirred aqueous solution of La6H;0 (Ln = Eu, Th, Yb) complexes1-5 have the chemical formula consisting of

or Ln(CHCO3)-4H,0 (Ln = Gd, Lu) (0.2 mmol, 15 cf). The stirring [Cr(acac)(ox)]” and [Ln(HBpz)z]* with 1:1 ratio. All of the

was allowed to continue for 5 min, and then the mixture was cooled in new complexes give almost the identical IR spectra with strong
a refrigerator overnight. The purple precipitate was filtered off, washed carbonyl stretching bands. These bands were shifted by ca. 20
with water three times, and dried under vacuum. The crude product cm™! to lower frequencies as compared with the carbonyl
was recrystallized from dichloromethankexane solution several times. stretching band at 1690 crhfor Na[Cr(acac)(ox)]-H20. This

fact is attributed to the coordination of the carbonyl oxygens
(13) (a) Sakamoto, M.; Hashimura, M.; Matsuki, K.; Matsumoto, A.; of the oxalato to the metal ioffsand lanthanide ion¥ This

Okawa, H.Chem. Lett1991 1007. (b) Sakamoto, M.; Hashimura, rbonvl stretchin n hifts to higher fr n with
M.; Nakayama, Y.; Matsumoto, A.; Okawa, Bull. Chem. Soc. Jpn. carbonyl stretching band shifts tohighe equency

1992 65, 1162. (c) Sakamoto, M.; Ohsaki, M.; Yamamoto, K.;

Nakayama, Y.; Matsumoto, A.; Okawa, Bull. Chem. Soc. Jpri992 (17) Busing, W. L.; Levy, H. AActa Crystallogr.1957 10, 180.

65, 2514. (18) Sheldrick, G. MSHELXS-86: Program for Crystal Structure Deter-
(14) Reisfeld, R.; Jgrgensen, C.lkasers and Excited States of Rare Earths, minationr University of Gdtingen: Germany, 1986.

Inorganic Chemistry ConceptSpringer-Verlag: Berlin, 1977; Vol. (19) Cromer, D. T.; Waber, J. Toternational Tables for X-ray Crystal-

1, Chapter 4, pp 157198. lography, The Kynoch Press: Birmingham, England, 1974; Vol. 4.
(15) (a) Moss, M. A. J.; Jones, C. J. Chem. Soc., Dalton Tran$99Q (20) TEXSAN: Single-Crystal Structure Analysis Softwarersion 1.7;

581. (b) Moss, M. A. J.; Jones, C. J.; Edwards, AJ.JChem. Soc., Molecular Structure Corporation: The Woodlands, TX, 1995.

Dalton Trans.1989 1393. (21) Ohba, M.; Tamaki, H.; Matsumoto, N.; Okawa,Horg. Chem1993

(16) Trofimenko, SJ. Am. Chem. S0d.967, 89, 3170. 32, 5385.
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Table 1. Elemental Analyses and IR Spectral Data for the
Complexe’

complex vyield _ €lemental analysis (%) IR/cTh
(Ln) (%) Cc H N v(B—H) »(C=0)
1(Eu) 11 39.37 382 18.03 2446 1665

(39.32) (3.75) (18.35)
2(Gd) 18 38.88 3.78 17.97 2444 1666

3(Th) 16 3845 367 17.64 2445 1669
4(Yb) 25 3828 359 17.66 2449 1671
5(Lu) 27 3826 3.62 17.61 2450 1672

@ Calculated values are given in parentheses.

Figure 1. Molecular structure of comple in the crystal, showing

Table 2. FAB Mass Spectral Data fd andS* 50% probability ellipsoids and the atom labeling scheme.

complex m'z relative intensity fragmeht Table 4. Crvstall hic Data for [(acagr(ox)Yb(HBpz)s] (4)
able 4. Crystallographic Data for [(acag}r(ox
1(Eu) 916 (916) 0.3 W — Hl* ystarograp P2
850 (850) 6.5 M _ pz]+ C30H34BzCI’N1208Yb M =937.33
818 (818) 1.1 M — acact monoclinic space group2/n
704 (704) 1.7 M _ HBng]+ a= 8.594(3) A T=296.2K
579 (579) 100 [Eu(HBp] b= ig-ggg((ggé A=071073A
c= . calc. = L. gcm
5(Lu)  940(940) 17 W+H] B =93.71(2) Z £ 2763 cmt
872 (872) 16.6 W — pz]” V=1922.6(8) R R=0.033
840 (840) 2.2 M — acac} 7=2 R = 0.04G
773 (773) 2.1 W — acac— pz]* '
726 (726) 8.4 M — HBpz]* aRfactors defined as followR = ¥ ||Fo| — |Fd||[/3|Fol, R =[S (|Fol
602 (601) 100 [Lu(HBpg2]* — |Fe)ZXWIFo|2*2, wt = 0%(Fo) + (0.015F,|)%

complexes. In addition to the CT and/or intraligand aretdd
transitions, the #f band of Yb(lll) is observed at 975 nm
together with a small peak at 930 nm4n Such a splitting is
observed for mononuclear [Yb(HBgzL] (e.g. L = acac) but

not for Yb(lll) aquo complex iof at room temperature.

a Calculated values are given in the parenthesds = [(acac)Cr-
(ox)Ln(HBpz),] [Ln = Eu(lll) or Lu(ll].

Table 3. UV/Vis Spectral Data for the “Complex Ligand” and
Dinuclear Complexes

Amadnm (€) Therefore, this arises from the sublevels of g, term of
complex CT and/or intraligand ~ ¢d f—f Yb(l11) 22 but not from the magnetic exchange interaction with
[Cr(acac)(ox)]” 328 (13 200) 388 (270) 563 (70) Cr(l).
1 (Eu) 332 (14 200) 394 (390) 569 (71) Crystallographic Studies. The complex4 crystallizes to
2(Gd) 332 (12 800) 392 (370) 568 (69) form purple monoclinic plates of space grol2/n. The
2%;)) gg% ((i?z) 288)) gg% ((ggg)) gg; ((g’g)) 930 (3) 975 (10) molecular structure is illustrated in Figure 1 with the numbering
5 (Lu) 332 (12 800) 392 (350) 569 (74) scheme. Primed atoms are related to their unprimed equivalents

_ _ with the 2-fold axis through the Cr atom and Yb atom.
““Complex ligand”, [Cr(acag]ox)]", was measured in methanol,  Crystallographic data for the compléare summarized in Table
and dinuclear complexes;=5, in dichloromethane solution. 4. The selected bond lengths and angles are listed in Table 5.
increasing the atomic numbers. This shift results from the  The Cr atom is located in a distorted octahedral environment
lanthanide contraction. In addition, the FAB mass datalfor  with six oxygens which consist of two oxygens from the oxalato
and5 (Table 2) confirm the formation of anhydrous dinuclear ligand and four from two acetylacetonato ligands. The bond
complexes [(acagTr(ox)Ln(HBpz),] in view of the observation length of C0O(ox) [2.013(3) A] is similar to those [2.065(9)
of high mass fragments corresponding to the-3tiheterodi- and 1.997(7) A] for the [Nf(eddp)Cr(ox)3(H20)s]-12H,0
nuclear complexes. (eddp= ethylenediamineéN,N-dipropionate’® and [Cr(salen)-
These complexes were formed readily in an aqueous solution(ox)Cu(acpy)] [saler= N,N-ethylenebis(salicylideneaminate,
containing 1:1:2 mixtures of L3, [Cr(acac)(ox)]~, and HBpz~ acpy= N-acetylacetonylidendk(2-pyridylethyl)aminatel but
ions, respectively. The crude precipitates dissolve freely in is longer than the GrO(ox) (average 1.974(6) A) in [CeCr-
dichloromethane and chloroform, are sparingly soluble in (0x)s(H20)4]2*12H,0% and the C+O(acac) [1.939(3) A for Cr
acetone and acetonitrile, but are insoluble in water, alcohol, andO(1) and 1.927(3) A for C¢rO(2)]. The bite angle of O(02)
n-hexane. They were recrystallized from dichloromethane Cr—0(02) [82.2(2F] for the five-membered oxalato chelate is
hexane solution. The larger the ionic radius of the lanthan- smaller than the bite angles for the six-membered acetyl-
ide(lll), the poorer the yields of the products become. This is acetonato ligands [91.8(1)
because the larger Ln(lll) ions tend to form [Ln(HB# and/

(22) Carnall, W. T. InHandbook on the Physics and Chemistry of Rare

or [{Ln(HBpz)z} 2(0x)] more readily. Earths; Gschneidner, K. A., Jr.; Eyring, L. R., Eds.; North-Holland
: H H H artns; Gschnelaner, K. A., Jr.; eyring, L. R., S., North-rollan
Comparison of the UV/vis absorption spectral data in Table Physics Publishing: Amsterdam, 1979: Vol 3, Chapter 24, pp-171

3 shows almost the same pattern for the five dinuclear 208.

complexesl—>5. The first ligand field band corresponding to  (23) (a) Ovsyalnkin, |\</ V. lrSpectFOSfCOIpy of Solids COdntaining Eafe“Earéh
4T, «— 4 iti i i i lons; Kaplyanskii, A. A.; Macfarlane, R. M., Eds.; North-Hollan

the*T, Az transm?n of Cr(lll) is shifted Sllght.ly .fro.m 263 Physics Publishing: Amsterdam, 1987; Chapter 7, pp-3&. (b)

nm for [Cr(acac)ox)]™ to 568+ 1 nm forl.—5. _Th|5 lnd!CateS Yatsimirskii, K. B.; Davidenko, N. KCoord. Chem. Re 1979 27,

little structural change of the Cr(Ill) moiety in the dinuclear 223.
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Table 5. Selected Bond Lengths (A) and Angles (deg) 4or

Inorganic Chemistry, Vol. 37, No. 18, 1998715

Yb—0(01) 2.314(3) C(0xC(01) 1.541(7)
Yb—N(12) 2.469(4) O(1>C(2) 1.268(5)
Yb—N(22) 2.400(4) O(2rC(4) 1.280(5)
Yb—N(32) 2.473(4) N(11)>N(12) 1.376(5)
Cr—0(02) 2.013(3) N(21yN(22) 1.341(5)
Cr—0(1) 1.939(3) N(31)N(32) 1.367(5)
Cr—0(2) 1.927(3) N(12}C(13) 1.329(6)
O(01)-C(01) 1.243(4) N(22)C(23) 1.350(6)
0O(02)-C(01) 1.244(4) N(32)C(33) 1.329(6)
O(01)-Yb—0O(01)  70.3(1) O(02)-Cr—0(02) 82.2(2)
O(01)-Yb—N(12) 84.1(1) O(02rCr—0(1) 88.2(1)
O(01-Yb—N(@12) 74.7(1) O(02)-Cr—0O(T) 87.3(1)
O(01)-Yb—N(22) 72.6(1) O(02yCr—0(2) 93.4(1)
O(01)-Yb—N(22) 133.9(1) O(02)Cr—0(2) 175.5(1)
O(01-Yb—N(32) 147.5(1) O(1)yCr—0O(2) 174.0(2) X
O(01)-Yb—N(32) 119.2(1) O(1}Cr—0(2) 91.8(1) N(12) N(22)
N(12)-Yb—N(12) 154.1(2) O(1yCr—0(2) 92.4(1) ) . ) o
N(12)-Yb—N(22) 75.1(1) O(2)Cr—0(2) 91.0(2) Figure 2. ORTEP drawing showing only the donor atoms coordinating
N(12)-Yb—N(22) 111.4(1) to Yb. The view is perpendicular to one of the “square” faces of the
N(12)-Yb—N(32) 70.4(1) Yb-O(01)-C(01) 118.0(2) square antiprism coordination geometry (50% probability ellipsoids).
N(12)-Yb—N(32) 134.4(1) Cr0O(02)-C(01) 112.5(2)
N(22)-Yb—N(22) 152.0(2) O(01)C(01)-0(02) 126.7(3) (a) N—=N NN
N(22)—-Yb—N(32) 81.4(1) O(01yC(01)-C(0I) 116.9(2) r N -\‘\
N(22)-Yb—N(32)  75.9(1) O(02>-C(01)-C(01) 116.4(2) N7 \ O Q7 \N
N(32)-Yb—N(32)  71.0(2) /\ N L /\
Table 6. Values ofd and¢ (deg) for4 .

N 20 04 N
N(N/ =N

idealized polyhedra

SAPR DD TPRS 4 Asapr Asapr

61: O(01)[N(12)N(22)]N(32) 00 295 218 899 (b) Ne=N

82 O(01)[N(12)N(22)IN(32) 00 295 0.0 899 _\

831 O(01)[N(12)N(22)]N(32) 525 295 482 58.10 0-/--\—0——07 \\N

84 O(01)[N(12)N(22)IN(32) 525 295 482 58.10 / cr X I/ Yo \

#1: N(22)-0(01)-O(01)—-N(22) 245 0.0 141 27.46 o) L 0—04 \

#2:N(12)—-N(32)—-N(32)-N(12) 245 0.0 141 23.90 \ / ~-/"
\_0 NN

The Yb atom is eight-coordinate with two tridentate HBpz Aon Asapr

ligands and one didentate oxalato ligand. The-{01) bond
length is 2.314(3) A, which is shorter than the-N@(ox) bonds
(2.48-2.59 A) in [Nd{ (eddp)Cr(0x) 3(H20)3] - 12H,0? and the
Ce—0O(ox) bonds (2.5952.648 A) in [CeCr(ox)(H20)]2 d, values showing planarity of the “squares” are both 8.i89
12H,02° The Yb—N bond lengths range from 2.400(4) to Table 6. In contrast, thé; {O(2)[N(61)N(31)]N(41} ando,
2.473(4) A. The bond length of YbN(22) [2.400(4) A] is {O(2)[N(11)N(51)IN(21)} values of antiprismatic [Yb(HBpg-
short, and the other two bond lengths, -YI§(12) and Yb- (trop)]*52are 14.5 and 40 Thus, complex is on a geometric
N(32) [2.469(4) and 2.473(4) A, respectively], are similar to pathway to DD, whereas [Yb(HBpk(trop)] is to TPRS. The
each other. The average ¥bl bond length is 2.45 A compared  root-mean-square deviation of the “square” face is 0.081 A with
with 2.44 A [2.36(1)-2.485(9) A] for [Ni(tdo) Yb(HBpzs)2} 5], 1 the largest deviation from the least-squares plane being 0.105
2.43 A [2.363(6)-2.481(6) A] for [Yb(HBpz)(O.,CPh)]1522.49 Afor N(32) and N(32). The dihedral angle of two least-squares
A [2.401(7)-2.601(6) A] for [Yb(HBpz)3],24 2.49 A [2.432(14) planes is 2.38 The closest apexes of the two squares is
2.576(11) A] for [Yb(HBpz)2(acac)|sPand 2.48 A [2.425(12) composed of the two oxalato oxygen atoms; the O¢@D)01)
2.548(10) A] for [Yb(HBpz)a(trop)] (Htrop = 2-hydroxy- distance is 2.665 A, which result from the relative short-Xt
cyclohepta-2,4,6-trien-1-onéy The intramolecular Gr-Yb bond lengths and the small bite angle of the O(O{h—0O(01).
distance is 5.631(1) A, shorter than the @xd one (5.876(2) This is contrast to the average distances of-N and O--N
A) in [Nd{ (eddp)Cr(ox) 3(H-0)s]- 12H,02?" and the Cr+Ce one between the two squares, 3.01 and 3.21 A, respectively.
(5.93 A) in [CeCr(0x}(H20)4]2r12H,0.2¢ The intermolecular According to the IUPAC definition of the absolute config-
distances of Gr:Cr, Cr--Yb, and Yb-:-Yb are 7.209(1), uration (AsaprandAsapr) around a square antiprismatic metal
8.795(1), and 8.594(3) A, respectively. ion in terms of the skew-line convention as shown in Figure

The NsO: eight-coordinate geometries [square antiprismatic 3a, two molecules in unit cell tak&on—AsaprandAon—Asapr
(SAPR), dodecahedral (DD), and bicapped trigonal prismatic configurations, as shown in Figure 3b. This result comes from
(TPRS)] were examined by using the semiquantitative method two possibilities: stereospecific formation of only a diastereo-
of polytopal analysig€> The most reasonable geometry around Meric Aon—Asapr pair and vice versa, or accidental pickup of
the Yb atom is a square antiprism (SAPR) from thand ¢ a crystal of Aon—Asapr and Aon—Asapr pairs from a dia-
values as summarized in Table 6. Figure 2 shows a view of stereomeric mixture incorporatinon—AsaprandAon—Asapr
the donor atoms perpendicular to the square faces. éThead isomers.

Metal—Metal Interactions. (a) Magnetic Properties. The
variable temperature magnetic susceptibilities of the Eu, Tb,
Yb, and Lu complexes]( 3, 4, and5) are shown in Figure 4.

Figure 3. (a) Proposed definition of absolute configuratid@aprand
Asapr, and (b) schematic drawing of compldx

(24) Stainer, M. V. R.; Takats, Jnorg. Chem.1982 21, 4050.
(25) Drew, M. G. B.Coord. Chem. Re 1977, 24, 179.
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= corresponds to the best data fits (see text).
660000000000000000000 values are too large compared with the reported Sreesl the
4 v@mmﬂo 1 expected ones for the Cr(©xhromophore type complex,
vvvvvvvvvvvvvvvvvv respectively. Thus, this treatment may not be appropriate for
5 MZZZMMAMMAMAMM: this case. As the other possiblity, the intramolecular coupling
associated with the intermolecular interactions is taken into
consideration in terms of the spin Hamitonilh= —2JS;-S;
0 i 1 1 1 L + gfSH — 223 <S> S, according to the following equation
0 50 100 150 200 250 300 of the molar susceptibility of the ®r-Gd" (S = %/, Sea =
I,) system:
T/K ) sy
Figure 4. Plots of theyuT versusT for complexesl, 3, 4, and5. = Ngzﬁz F(J,T/[KT — 2zIJFJ,T] (1)

The observeguT values of these complexes excét room _
temperature are close to a sum of the values for the uncoupled\év)?(a(?4'(:)§‘;/'£ 1I J£191 %; (ig() eJ>r<p7(ng) (J;&z)e fépéi&()zz)] 12
Cr(lll) and Ln(lll) systems, whergyy is the molar magnetic _ liJ/kT and the othefs mbols ha\g)e their usualpmean'in s. A
susceptibility per dinuclear complex, the calculated values of ! I Sy . . gs.
3, 4, and5 being 13.64, 4.45, and 1.88 émol-1-K, respec- goc_)(il fit to the experimental datla is obtained for= +0.02
tively. The magnetic susceptibility of Eu(lll) is expected to be ;m_ 2[? _)2'1_0’(;‘])_ d;/%gf' )che Vl\jglr]téhle alg(;ff %&toffcéor
zero in view of the groundr, state, but the observeehT value — =LUMJobs ™ YM)cal MJobs €0 RO g
of 1 (3.2 cnf-mol~1-K at room temperature) is larger than the this gives a better agreement factor than thatlest|mated assuming
Cr(lll)-only value. This is due to the fact that a certain amount Sv‘?ﬂ:é)gvtlgrtgti tgxegojl4wal1tsmsh_ov_v2-?n9|§inzr§gd ?h; fzo.:.rger
of the magnetic moment is contributed from the excited states q : . S 9 P

result appears less meaningful in view of the requirement for

F; (ca. 350 cmt) and’F;, (ca. 1000 cm'). The decrease in ' I )
theymT values on lowering temperature attributes to the thermal the molecular field approximation _thatls_much larger than
2J.1b27 The latter treatment neglectizd points to a very weak

depopulation of these excited levels, leading to the Cr(lll)-only antiferromagnetic intramolecular interaction between the Cr(lll)
value, ca. 1.8 cfaimol~*-K at 4 K. For the Yb complex, the 9 iy 0o
. . S and Gd(lll). Most of the transition metat-Gd" dinuclear
xmT values steadily decrease @ss lowered, giving ca. 3.8 . ;
1 . complexes with few exceptions such as Cu(oxae)Gd(phen)
cmmol~1:K at 4 K. For the Tb comple, the decrease in 5 - ; . 0
(ClOy)3°%¢ exhibit ferromagnetic coupling, which is accounted

the ymT values on lowering temperature suggests that there is . . )
a relatively strong magnetic interaction between the Cr(lll) and for by the theoret.lc.al conaderat@bgsed ona 3¢ 5d charge
transfer. A negligible ferromagnetic contribution to the mag-

Tb(lll) ions. Nevertheless, the quantitative analysis of the Tb "~ e "

; i o netic interaction in the ¢f—Gd" complex may result from the
and Yb complexes must await further detailed examination for lonaer Cr--Gd distance than those of the hitherto reported
the magnetic behavior. The magnetic susceptibility afith ”g . \5-0 12 b

. . S M"—0O—Gd type complexes (M= Cu, Ni, VO?")52.12and/or
a diamagnetic Lu(lll) ion is equal to that of the Cr(lll) only .
. . - ) the larger energy costs for charge-transfer transitions from the
value. TheymT value slightly increases with lowering tem- ; : - o
. 2 1 . 3d orbital of a Cr(lll) ion to the 5d orbital of a Gd(lll) ion (i.e.,
perature, reaching ca. 2.0 emol K at 4 K. This suggests the CV—Gd' excited state from the @—Gd" ground state)
a weak ferromagnetic intermolecular-€Cr interaction in5. . L . grot o
than those of M(ll) ions in view of the difference in oxidation

.The magnetic susceptibility data for compl{’éare shown in state; both of them result in decrease of ferromagnetic contribu-
Figure 5 in the form of them T versusT plots. Since the ground tion

state of Gd(lll) £S;) is orbitally nondegenerate and well

separated from the excited state, Gd(lll) gives a simple single (b) Energy .TTa“Sfer- In 'ge'neral, Eu(l!l) and Th(ll)
; . . oo complexes exhibit a characteristic sharp luminescéhddow-
ion magnetic properties. There are two possiblities to account
for the de(_:reasmg t_)ehawor of '_[bm'l_’ on lowering t_emperature. (26) (a) Cavlin, R. L.; Burriel, RPhys. Re. B 1983 27, 3012. (b) Merabet,
The one is a dominant contribution from the intermolecular K. E.; Carlin, R. L.Inorg. Chem.1989 28, 4125.

interaction. The analysis of the magnetic data was attempted(27) O'Connor, C. JProg. Inorg. Chem1982 29, 203.

; ; ; ; (28) (a) Stein, G.; Wizberg, EJ. Chem. Phys1975 62, 208. (b) Horrocks,
to make in terms of the molecular field approximafiotf W. DeW., Jr: Albin. M Prog. Inorg. Chem1984 31 1. (¢) Lawrence,

including the zero field splittindd. A fitting with g = 2.00 R. G.; Jones, C. J.; Kresinski, R. A. Chem. Soc., Dalton Trans.
giveszJ = —0.63 cnt!, andD = 1.6 cnTl. ThezJ andD 1996 501.




Oxalate-Bridged Cf—Ln"" Compounds

Table 7. Phosphorescence Lifetimesg) for the Complexes

complex  Ae/nm AendNM TIK TL/ms Tcd/ms
1(Eu) 330 618 293/77 n.d!
395 618 293/77 n.o.
580 618 293/77 n.o.
3(Th) 330 548 293/77 n.o.
490 545 293/77 n.o.
330 780 77 0.13
550 780 77 0.11
4(Yb) 330 780 77 n.d.
550 780 77 n.o.
5 (Lu) 330 780 77 0.19
550 780 77 0.19

aTransition ofSDy — F, for Eu(lll). ® Transition of®D, — 7Fs for
Th(lll). ¢ Transition of?E — “A, for Cr(lll). 9n.0. means “could not
be observed”.
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Figure 6. Energy level diagram showing 4f states of Ln(lll), 3d states
of Cr(lll), and ligand levels of acac The arrows indicate emission
levels of Eu(lll), Th(lll), and Cr(lll).

ever, the microcrystalline samplesband3 did not show sharp
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Figure 7. Cr(lll) emission spectra of complex& 4, and5 at 77 K,
where the exciting wavelength is 330 nm.

Emission spectra arising from tRE excited state in Cr(lll)
ion of complexes3, 4, and5 are observed at 77 K as shown in
Figure 7. The peak positions &f (784 nm) ands (780 nm)
are almost similar to that of Na[Cr(aca@x)]-H.O (775 nm),
but4 gives no emission band in this region. Although the peak
positions are a little different betwe&wand5, both the relative
intensity and phosphorescence lifetimes (Table 7)3cdre
smaller than those d. These facts show that the quenching
of emission originating from theE excited state of Cr(lll) results
from the energy transfer to the Ln(lll) possessing the low-lying
energy levels (Figure 6): (i) complete quenching due to the
energy transfer to thé&Fs, level of Yb(Ill) in 4 because of the
relative small energy gap (ca. 2500 ¢t (ii) incomplete
quenching due to the energy transfer to tRgof Tb(lll) in 3
because of the large energy gap ca. 7000 %¢nfiii) no
guenching irb with lack of low-lying energy levels for Lu(lll).

Conclusions

emission bands at either room temperature or 77 K, when the 1 results described here have shown that (i) a series of the

exciting wavelengths were 330 nm (CT and/or intraligand
transition due to the coordinated acac) and 395 fim 5L

for Eu(lll)], 580 nm ['Fo — 5Dg for Eu(lll)], or 490 nm [Fe¢ —

5Dy for Th(Ill)]. Therefore, the emission lifetimes of Eu(lll)
and Tb(lll) could not be measured (Table 7). Since the ligand
field absorption band envelope for the Cr(lll) chromophore
overlap with the spectral range of the narrow emissions of
Eu(lll) and Th(lll), the efficient quenching occurs in the Ln(l11)
luminescence resulting from the resonance between the Ln(lll)
excited levels and the broad ligand field state of the Cr(lll) ion
(Figure 6). This quenching behavior is compared with that of
the double complex salts [Cl[Ln(dipic)3] [L = am(m)ines,

Ln = Eu, Th]?®

(29) Brayshaw, P. A.; Bazli, J.-C. G.; Froidevaux, P.; Harrowfield, J. M.;
Kim, Y.; Sobolev, A. N.Inorg. Chem.1995 34, 2068.

discrete 3d-4f heterodinuclear complexes are synthesized by
a relatively simple method using a “complex ligand”, (ii) the

metal-metal interactions in the new complexes between the
Cr(ll) and Ln(lll) are very weak in magnetic interaction but

are strong from the viewpoint of energy transfer, where the
degree of emission quenching depends on the energy gap of
the excited levels in two metal centers.
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