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ABSTRACT Four dimeric gadolinium(IIl) complexes,
[Gd,(pybet),(H,0),)(CIO,), (1), [Gd,(pybet) (phen) J(CIO)3H,0
3), [Gd, (pybet) (phen) (H,0),](C10,),-2H,0 (4) and
[Gd, (ppbet) 5(bPY),1(CI0 ) 3H O (5) (pybet = C H,N*CH,CO,,
ppbet = CHN*CH,CH CO2 , phen = 1,10- phenanthrolme, bpy =
2 2’—b1pyndme) have been prepared and structurally characterized
by X-ray crystallography. The complexes comprise discrete
quadruply carboxylate-0,0’ bridged [Gd,(carboxylate),]** dimeric
cores in which each metal atom is further coordinated by four
terminal aqua ligands, one monodentate pybet carboxylate group
and three aqua ligands, two phen ligands and a bpy ligand and a
chelate ppbet carboxylate group for 1, 3, 4 and 5, respectively. In
the four complexes, the metal atoms all adopt distorted square-
antiprismatic coordination geometries. The variable-temperature (4-
300 K) magnetic susceptibility of 5 has been determined and the
observed susceptibility data were fitted to the theoretical magnetic
equation. The exchange integral J was found to be 0.037 cm”,
indicating very weak ferromagnetic spin-exchange interaction
between the pair of Gd(III) ions in the dimers.

ABSTRAK Empat. kompleks berdimer gadolinium(III),
[Gd,(pybet),(H,0),,J(CIO,), (1), [Gd,(pybet),(phen) J(CIO,) - 3H,0
(3), [Gd,(pybet),(phen),(H,0),](C10),-2H,0 (4) dan
[Gd,(ppbet),(bpy),I(C10,),:3H,0 (5) (pybet = C;H,N*CH,CO,, ppbet
=C,H,CH,CH,CO,, phen = 1,10-fenantrolina, bpy = bipridina) telah
disediakan dan strukturnya dikaji secara kristalografi sinar-X.
Kompleks-kompleks terdiri dari teras berdimer [Gd,(carboxylat),]*
diskrit yang mempunyai ikatan karboksil-0,0’ dimana tiap-tiap atom
logamnya dikoordinat oleh empat ligan air, dua ligan fenantrolina,
dan satu ligan bpy dan satu kumpulan karboxylat ppbet berkelat untuk
1,3,4 dan 5, masing-masing. Dalam keempat-empat komplek ini,
atom logam mengambil geometri koordinat antiprismatik empatsegi-
sama terherot. Kerentanan magnet ubah-suhu (4 - 300 K) untuk §
telah ditentukan dan data kerentanan disesuaikan ke persamaan magnet
teori. Kamilan penukaran J adalah 0.037 cm, yang menunjukkan
interaksi penukaran spin yang terlalu lemah diantara pasangan ion
Gd(I1l) dalam dimer.

INTRODUCTION

Bridged polynuclear complexes have attracted consid-
erable interest in recent years [1]. Synthesis,
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spectroscopic and magnetic investigations of new poly-
nuclear complexes are of significance for understand-
ing the magnetic interaction between metal ions and
for further design of molecular magnetic materials. The
studies on magnetism of binuclear lanthanide(III) com-
plexes will provide first hand information of the mag-
netic interactions between the f electrons [2].

The coordination chemistry of lanthanide(III)
carboxylates has been widely studied, and several types
of coordination modes of carboxylate ligands have been
established [2-5]. Lanthanide(IIT) carboxylates are com-
monly found in polymeric forms including dimeric
forms, however, magnetic properties of lanthanide(III)
carboxylates are rarely known so far. The first report
on magnetic properties of dimeric lanthanide(III)
carboxylates appeared very recently, in which two of
the acetate act in the bidentate bridging mode and the
others two in the bidentate bridging plus chelate mode

[6]. Furthermore, lanthanide(IIT) carboxylate complexes

containing other nitrogen ligands are less well known
[5].

Betaine derivatives, as neutral analogues of
carboxylates, have been extensively used in the prepa-
ration of transition metal complexes [7]. We have re-
cently synthesized some interesting heterometallic
copper(Il)-lanthanide(III) complexes [8-10]. We now
report the preparation, structures and magnetic proper-
ties of five tetrakis(j,-carboxylate)-bridged dimeric
Gd(I1I) complexes, namely [Gd,(pybet) (H,0),](CIO ),
(1),  [Gd,(pybet)(H,0),(C10,);2H,0  (2),
[Gd,(pybet) (phen),](C10,),-3H,0 @A3),
[Gdz(pybet)4(phen)2(H20)2](CIO4)6'2H20 (4) and
[Gd, (ppbet),(bpy),}(CIO,)¢'3H,0 (5).

EXPERIMENTAL

The ligands pybet and ppbet were synthesized. by the
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literature method [11]. All other reagents were com-
mercially available and used as received. The C, H,N
microanalyses were carried out with a Perkin-Elmer 240
elemental analyzer. The FT-IR spectra were recorded
from KBr pellets in range 4000-400 cm™ on a Nicolet
5DX spectrometer. Variable-temperature magnetic sus-
ceptibility data were obtained on a Quantum Design
SQUID magnetometer. Diamagnetic corrections were
performed with Pascal’s constants [12] for all the con-
stituent atoms and the effective molar magnetic mo-
ments were calculated with the equation p , =

2.828(1,, 1"

Preparation of complexes

[Gd,(pybet),(H, 0),](CIO ), (1). To an aqueous solution
(5 ml) containing pybet (. 274 g, 2.0 mmol) was added
Gd(NO,),nH,0 (1.0 mmol) and NaClO,-H,0 (042 g,
3.0 mmol) the mixture was then stirred at 50 60 °C for
10 min. The resulting solution was allowed to stand in
a desiccator charged with silica gel. After a few days,
colorless block crystals were deposited. The yield was
about 80%. Anal. caled for C,;H, ,CI.Gd,N,O,;: C,21. 0;
H, 2.8; N, 3.5%. Found: C, 20.7; H, 2.7; N, 3.4%. IR
(KBr, cm'): 3402m, 3135m, 3057m, 2934m, 1630s,
1489s, 1440s, 1398s, 1314m, 1152vs, 1100w, 1089vs,
976w, 941w, 850w, 779s, 702s, 674s, 632vs.

[Gd (pybet) (H,0), 1(CIO)(2H,0 (2). This complex
was prepared Wlth the same procedure described for 1
using 1:3 molar ratio of Gd(NO,), and pybet. The prod-
uct was isolated as colorless block crystals. Anal. calcd
for C, H,ClGd,NO,,: C,26.8;H,3.1;N, 4.5%. Found:
C,26.3;H,2.9; N 4 2% IR (KBr, cm*): 3399m, 3085m,
3015m, 2903m, 1651vs, 1630s, 1482s, 1447s, 1398s,
1314m, 1115vs, 1100w, 1082vs, 976w, 941w, 850w,
779s, 702s, 674s, 632vs.

[Gd,(pybet),(phen) 1(CIO,);-3H,0 (3). To an aque-
ous solution (5 ml) containing pybet (O 274 g,2.0 mmol)
was added Gd(NO,),-nH,0 (1.0 mmol), the mixture was
then stirred at 50- 60 °C for 10 min. After that a 1:1
aqueous ethanol solution (5 ml) of phen (0.198 g, 1.0
mmol) was added, followed with an aqueous solution
(3 ml) of NaClIO,-H,0 (0. 42 g, 3.0 mmol). The result-
ing solution was allowed to stand in a desiccator charged
with silica gel. After a few days, colorless block crys-
tals were deposited. The yield was about 88%. Anal.
caled for C, H Cl.Gd,N ,0,.: C,40.9; H,3.0;N,7.5%.
Found: C, 406 H 27 N 7 2% IR (KBr, cmt): 3402m,
3135m, 3057m, 2934m, 1630s, 1489s, 1440s, 1398s,
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1314m, 1152vs, 1100w, 1089vs, 976w, 941w, 850w,
779s, 702s, 674s, 632vs.

[Gd,(pybet)(phen),(H,0),](CIO ) -2H,0 (4). This
complex was prepared w1th the same procedure de-
scribed for 3 using 1:3 molar ratio of Gd(NO,), and
pybet. The product was isolated as colorless block crys-
tals. Anal. calcd for C, H. CIGd,N, O, C, 36.6; H,
3.1;N, 6.5%. Found: C, 36.1; H 3.0;N, 6.4%. IR (KBr,
cm): 3399m, 3085m, 3015m, 2903m, 1651vs, 1630s,
1482s, 1447s, 1398s, 1314m, 1115vs, 1100w, 1082vs,
976w, 941w, 850w, 779s, 702s, 674s, 632vs.

[Gd,(ppbet), (bpy),l(CIO,)-3H,0 (5). The complex
was prepared with the same procedure described for 3
using ppbet and bpy in stead of pybet and phen, respec-
tively, and using 1:3 molar ratio of Gd(NO,), and ppbet.
The product was isolated as colorless block crystals.
Anal. caled for CH,CI.Gd,N, O,,: C,37.4; H,3.5; N,
6.4%. Found: C, 37.3; H, 3.3; N, 6.2%. IR (KBr, cm™):
3409m, 3105m, 3057m, 2923m, 1651vs, 1630s, 1482s,
1447s, 1398s, 1314m, 1115vs, 1100w, 1082vs, 976w,
941w, 850w, 779s, 702s, 674s, 632vs.”

X-ray diffraction analyses

The intensity data of the four complexes 1, 3, 4 and 5
were collected on a Siemens P4 diffractometer with
graphite-monochromated MoKot radiation using the ®-
scan technique. Data processing, absorption corrections
and structure solutions were made with SHELXTL-PC
program package [13]. Full-matrix least-squares refine-
ment were performed with SHELXI.-93 [14]. Details
of the crystallographic studies are given in Table 1,
atomic coordinates and thermal parameters are given
in Table 2, selected bond lengths and bond angles in
Table 3.

RESULTS AND DISCUSSION

The five complexes 1 - 5 were conveniently obtained
in good yields from the following scheme. The isola-
tion of complexes 1 - 4 from the similar reaction sys-
tems implies that there should be an equilibrium in the
solution with the quadruply carboxylate-O,0’ bridged
[Gd,(pybet) ,J¢ dimeric core as an intermediate. Hence
without the presence of additional ligands other than
water molecules complex 1 can be isolated; when addi-
tional ligands such as excessive pybet or phen ligands
in the reaction systems, complexes 2 and 3 can be ob-
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Table 2. Atomic coordinates (x10%) and thermal parameters(Ueq x103%).

(a) Complex 1
atom x y b4 U, atom x y b4 U,
Gd(1) 1614(1) 118(1) 4105(1) 21(1) C(@25) 2489(9) 4293(7)y  9198(4) 78(2)
o(lw) 916(5) -4103) 24352) 47(1) C(26) 3405(9) 3616(7)  9082(4) 77(2)
o@2w) 2486(4) 2168(3) 3609(2) 42(1) C(27) 3711(8) 3455(6)  8269(4) 59(1)
O@Bw) 2340(4) -1675(3) 3653(2) 43(1) CIK1) 3810(2) 2366(1)  1544(1) 47(1)
O@4w) 4584(4) 1055(3) 4419(2) 44(1) 0(13) 2316(7) 1161(5) 1302(4) 97(2)
o(11) 2494(4) -617(3) 5457(2) 38(1) 014 4973(7) 2247(6) 1119(4) 101(2)
0(12) 721(4) 601(3) 6222(2) 40(1) O(15) 4632(6) 2833(6) 2548(3) 93(2)
c1n 1913(5) -802(4) 6116(3) 31(1) 0O(16) 3378(8) 3368(6) 1256(5) 109(2)
C(12) 2816(8) -1326(7) 6842(4) '59(2) Cl(2) 7446(2) 2779(1)  8637(1) 60(1)
N(1) 2277(5) -1375(4) 7666(2) 37(1) 0O(23) 8764(5) 2356(4) 8785(3) 68(1)
Cc(13) 3126(9) -353(6)  8420(4) 71(2) O(24) 6181(6) 2003(5) 7712(3) 77(1)
Cc(14) 2667(15) -353(11) 9188(5) 114(4) O(25) 6668(6)  2542(6) 9316(3) 82(1)
C(15) 1320(16) -1381(15) 9193(6) 121(5) 0(26) 8082(10) 4153(5)  8663(6) 129(3)
C(16) 423(10) -2452(10) 8422(8) 98(3) CI(3) 2260(2) 5402(1)  4554(1) 66(1)
cam 921(7) 2441(6) 7641(4) 61(1) O(33)* 1193(16) 5683(12) 3828(9) 107(7)
0@21) 2474(4) 1875(3) 5388(2) 43(1) OQG4H* 3923(14) 5849(20) 4472(16) 303 (22)
0(22) 729(4) 1865(3) 6173(2) 42(1) OQ@35)* 1568(13) 4045(7)  4511(9) 55(3)
C(21) 2087(5) 2349(4) 6024(3) 32(1) O@6)* 2439(23) 6134(14) 5463(7) 185(11)
C(22) 3463(6)  3691(4) 6688(3) 44(1) O(GB3)* 951(16)  5776(17) 4163(11)  117(7)
N(Q2) 3143(5) 3960(3) 7572(2) 37(1) O(36')* 3370(17) 6297(10) 5455(7) 117(6)
C(23) 2227(8) 4616(5) 7659(5) 60(1) O@BSH* 1 527(22) 4094(9) 4667(12) 1 39(10)
C(24) 1923(10) 4800(7) 8514(6) 82(2) O(34’)y*  3208(23) 5451(19) 3922(13)  215(13)
(a) Complex 3
atom x y z U wa atom x y z U wa
Gd(1) 0 0 0 54(1) C(36) 1637(5) 466(10) -2999(8) 81(1)
Gd(2), 0 0 2968(1) 53(1) N@I) 603(4) 1072(7)  4010(6) 61(1)
oQ1) s 877(3) 0 796(7) 63(1) C@41) 1199(5) 1182(8)  3983(8) 73(1)
0(12) ™ 986(6) 0 2295(8) 77(1) C42) 1529(7) 1735(10) 4561(9) 87(1)
C(11) 1161(6) 0 1509(13) 66(1) C@43) 1266(5) 2127(8)  5250(7) 69(1)
C(12) 1852(5) 0 1537(12) 67(1) C(44) 621(6) 2111(9)  5343(7) 76(1)
N(11) 2068(6) 0 2435(8) 71(1) C(45) 318(5) 1560(7)  4713(7) 63(1)
C(13) 2217(8) 851(10) 2849(8) 94(1) C(46) 309(7) 2568(9)  6021(9) 85(1)
C(14) 2425(9) 876(10) 3685(10) 100(1) CI(1) 3705(3) 0 1475(8) 144(1)
C(15) 2558(8) 0 4135(10) 80(1) 0O(13) 3354(7) 758(9) 1265(10)  165(1)
o1 0 1476(5)  722(5) 48(1) 0(14) 4229(6) 0 1017(11)  199(1)
0(22) 0 1322(12) 2162(12) 116(1) O(15) 3810(9) 0 2397(7) 159(1)
C@2n 0 1839(8) 1424(9) 57(1) CK2) 1972(2) 2824(4)  1812(3) 133(1)
C(22) 0 2902(7) 1477(13) 68(1) O(23)* 2522(5) 2535(11) 1522(11)  124(1)
N(21) 0 3276(8) 2438(8) 67(1) OQ4H* 1577(6) 2089(9) 1876(11)  116(1)
C(23) 518(9) 3453(12) 2831(12) 116(1) O25)* 1744(8) 3490(9) 1210(9) 137(1)
C(24) 518(10) 3693(12) 3711(12) 123(1) O(26)* 2030(8) 3270010y 2637(7) 125(1)
C(25) 0 3926(12) 4153(12) 98(1) O@23')* 2360(6) 2877(10) 1088(8) 99(1)
N@31D 706(6) 959(8) -1045(7) 75(1) OQ4’)y*  1457(4) 2374(8) 1557(10)  81(1)
C(31) 748(7) 1884(8) -985(9) 86(1) O(25')* 1854(7) 3715(7)  2131(10)  112(1)
C(32) 1089(9) 2401(11) -1561(11) 106(1) O(267)* 2253(7) 2299(10) 2481(8) 135(1)
C(33) 1401(10)  1961(13) -2229(12) 124(1) o(lw) 606(11) 5000 1199(12)  141(1)
C(34) 1334(6) 1004(9) -2339(8) 78(1) O@w)y* 0 0 6253(12)  118(1)
C(35) 983(4) 482(8)  -1668(6) 62(1)
(a) Complex 4
atom x y z U, atom x y z v, -
Gd(1) 363(1) 3196(1) 1272(1) 36(1) C@43) -19999) 1(9) 3384(9) 80(3)
Oo(lw) 923(5) 1762(5)  555(5) 62(1) C(44) -1616(7)  467(T) 3917(7) 63(2)
90




-1008(6)

o1 966(4) 4601(4) 1494(4) 48(1) C@495) 1307(6)  3328(6)  50(2)
012 7394 6303(5) 834) 55(1) C(46) -1827(9)  123(9)  5029(8) 82(3)
C(11) 1108(6)  5603(6) 953(5) 42(2) C@7) -1486(9)  593(10) 5508(7)  79(3)
C(12) 1796(7)  6054(7) 1344(6) 55(2) (C(48) -864(7)  1458(8) 4947(6)  60(2)
N(11) 2162(5)  5235(5) 2411(5) 48(1) C(49) -606(6) 1791(6)  3862(5) 46(2)
C(13) 1717(7)  5428(9) 3246(7) 65(2) C(50) -474(9) 1974(9)  5428(7) 76(3) -
C(14) 2038(9)  4638(11) 4241(7) 82(3) C(51) 136(9) 2769(10) 4844(6) 80(3)
C(15) 2806(10) 3681(10) 4351(7) 85(33) C(52) 347(8) 3039(8)  3777(6) 64(2)
C(16) 3245(9)  3520(9) 3504(8) 81(3) CK1) 5000 5000 0 76(1)
cQ7 2906(7)  4305(8) 2528(7) 62(2) O13) 4144(10) 4535(14) 121(14) 99(5)
0@21) 1484(5)  3976(5) -213(4) 63(2) O(14) 4968(18)  5957(13) -960(11) 129(7)
0(22) 1254(4)  5677(5) -1613(4) 54(1) O(15) 4789(15) 5509(15) 708(12) 106(5)
C2D 1772(6)  4703(7) -1087(5) 47(2) O(16) 6000(10) 4311(17) 139(18) 129(7)
C(22) 2861(6)  4331(7) -1515(6) 57(2) ClI(2) 5000 0 5000 79(1)
N@21) 3164(5)  5224(6) -2529(5) 53(2) 0O(23) 5511(26)  -932(28) 4691(26)  181(11)
C(23) 3430(7)  6121(9) -2559(8) 70(2) O(24) 5695(23) 430(25) 5340(22)  160(9)
C(24) 3675(9)  6985(10) -3505(10) 903) O(25) 4151(21)  725(24)  4528(22)  152(9)
C(25) 3656(10) 6900(12) -4410(9) 98(4) O(26) 5443(14) 716(15) 3896(15) 102(5)
C(26) 3381(14) 6014(14) -437009) 122(5) CI(3) 1191(2)  2955(2) 7351(2) 71(1)
C(@27) 3145(11)  5140(11) -3411(8) 92(4) O33)* 2256(9) 2951(17) 6864(14)  135(8)
o@3n 2013(4)  2087(5) 1982(4) 63(2) O@B4* 729(15)  4054(11) 7339(17) 158(9)
0@32) 2881(7) 1086(11) 1095(10) 139(5) O@35)*  575(14)  2631(17) 6861(16)  143(8)
C@31) 2834(7) 1572(8) 1646(7) 67(2) O@B6)*  1292(17) 2091(15) 8449(8) 166(10)
C(32) 3872(8) 1627(12) 1955(10) 92(4) O@33)* 1430(14) 2798(16) 8321(9) 145(8)
N@31) 4798(5)  935(6) 1594(5) 56(2) O@34)* 350(9) 2382(11) 7434(12) 85(4)
C(33) 5054(9)  -160(10) 2158(12) 104(4) O@3S5)* 837(11)  4167(7) 6648(11)  101(5)
C(34) 5884(12) -800(13) 1800(20) 131(7) O@36’)* 2097(9)  2496(13) 6810(12) 1 10(6)
C(35) 6352(14) -373(19) 894(16) 129(7) Cl(4) 4089(3)  6897(3)  2608(3) 111(1)
C(36) 6158(12) 800(20) 295(11) 159(9) O©O(43) 4983(7)  7112(10) 1892(8) 151(4)
c@37n 5208(11)  1481(12) 665(11) 123(6) O(44) 3150(9)  7231(13) 2036(12)  266(11)
N@41) -773(5) 1674(5) 2274(5) 51(2) 0@45) 4209(9) = 5730(6)  3353(8) 148(4)
N(42) 0(5) 2581(5) 3285(4) 49(1) O46) 3915(14)  7623(10) 3139(9) 246(10)
C(41) -1160(8)  1225(8) 1791(7) 67(2) O@w)* 1617(23) 9101(24) 1995(23) 165(9)
C42) -1764(9)  375(9)  2325(10) 81(3) O3w)* 661(23)  9006(26) 626(24) 167(10)
(d) Complex 5

atom x y z U, atom x y z U,
Gd(1) 9626(1)  276(1)  8389(1) 33(1) C(40) 11183(8) 1051(4)  7100(10)  51(3)
o(11) 10862(5) -256(3) 9048(8) 61(2) C@41) 11828(9) 1231(5) 6381(12) 67(4)
0(12) 11522(5)  -669(3) 10500(6) 50(2) C(42) 12071(10) 884(6) 5566(11)  69(4)
C(11 11402(6) -601(4) 9478(10) 41(3) C@43) 11694(9)  377(5) 5484(10)  54(3)
C(12) 11923(8) -967(4) 8734(10) 53(3) C(44) 11059(7)  2234) 6261(9) 44(2)
C(13) 12157(9)  -1520(5) 9197(12) 64(3) C(45) 10638(8) -330(4)  6207(9) 44(2)
N(1) 11323(7)  -1874(4) 9221(8) 53(2) C(46) 10970(10) -736(5)  5569(13)  72(4)
C(14) 10791(9)  -1852(5) 10094(11) 57(3) C@7) 10554(11) -1240(6) 5584(13)  80(5)
C(15) 9996(10)  -2152(5) 10099(13) 67(4) C(48) 9802(10) -1325(6) 6191(13) 76(4)
C@e) 9753(13)  -2495(7) 9241(16) 89(5) C(49) 9524(9)  -896(5)  6790(10) 57(3)
c17 10326(17) -2528(8) 8412(18) 119(7) Cl(1) 6979(2)  2251(1)  3890(3) 64(1)
C(18) 11090(14) -2212(7) 8403(14) 93(5) O(13) 6874(11)  2281(5) S5012(10)  124(5)
o 8844(5)  -483(3) 8993(5) 43(2) 0(14) 7615(16) 2618(10) 3571(17) 233(12)
0(22) 9430(5)  -874(3) 10537(6) 46(2) O(15) 6134(15) 2406(11) 3449(19)  233(11)
C21) 8816(7)  -809(4) 9790(8) 35(2) 0(16) 7131(14) 1737(6)  3497(16)  179(8)
C(22) 7950(8)  -1164(5) 9777(12) 634) CI(2) 7577(3)  -2682(2) 11896(4)  85(1)
C(23) 707909)  -853(6) 9644(16) 87(5) O(23)*  7475(15) -2624(9) 13082(9)  112(8)
N@©) 6239(7)  -1199(5) 9457(11) 72(3) OQ4)*  6774(11) -2426(8) 11387(17) 132(10)
C(24) 5909(16)  -1470(12) 10238(18) 167(13) O(25)*  8397(10) -2408(8) 11665(18) 120(9)
C(25) 5183(14)  -1828(10) 10052(19) 138(9) O(26)*  7593(14) -3235(4) 11669(18) 115(8)
C(26) 4722(10)  -1845(7) 9114(18) 93(5) O(23')*  7720(19) -2834(12) 10769(12) 162(13)
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c@27 5045(16) -1546(12) 8337(20) 169(13) O(24)*  7932(20) -3106(9) 12574(22) 226(20)
C(28) 5821(15) -1237(10) 8497(17) 139(10) O(25)* 6622(8)  -2597(11) 11990(23) 147(12)
o@31) 8269(5)  397(3)  7120(6) 52(2) O(26°)* 8099(18) -2199(8) 12104(24) 183(16)
0(32) 9033(5) 11453) . 7551(6) 47(2) CI(3) 41289) 394 7437(13)  174(7)
C(31) 8327(7)  912(4)  7157(8) 42(2) O(33)*  3449(31) -157(21)  6639(37)  155(34)
C(32) 7494(8) 1235(5) 6701(11) 58(3) O34)* 4051(32) 611(6) 7523(39) . 189(22)
C(33) 6639(9)  894(6)  6456(16) 89(5) O(35)*  5035(19) -100(17) 7 134(44)  182(22)
N@3) 5805(7) 1225(5) 6147(12) 73(3) O(36)*  3968(39) -199(17) 8470(24) 182(30)
C(34) 5385(12) 1201(9) 5146(18) 113(7) O(33)* 3460(28) 361(19) 7954(52)  190(35)
C(35) 4576(13) 1490(10) 4936(19) 121(8) O(34’)* 4456(53) 324(21) 6530(34)  144(75)
C(36) 4211(11)  1793(8) 5673(18) 96(6) O(35)* 3685(28) -450(12) 7057(39)  122(21)
c@37n 4650(11) 1817(8) 6656(18) 98(5) O(36)* 4884(35) -83(21) 8197(50)  145(66)
C(38) 5433(11) 1525(8) 6889(15) 92(5) O(1w) 6900(14) -494(7)  6793(16)  171(7)
N(41) 10807(6) 552(3)  7044(7) 42(2) OQw)* 13631(20) -773(13) 10974(23) 137(11)
N(42) 9911(6) -413(3) 6861(8) 47(2)

*Site occupancy factor 0.5.

Table 3. Selected bond lengths (A) and bond angles (°).

(a) Complex 1
Gd(1)-0(21) 2.306(3) Gd(1)-0(2w) 2.426(3)
Gd(1)-0(22a) 2.304(3) 0(12)-Gd(1a) 2.330(3)
Gd(1)-O(12a) 2.330(3) 0(22)-Gd(1a) 2.304(3)
Gd(1)-0(11) 2.370(3) 0(21)-C(21) 1.234(5)
Gd(1)-O(4w) 2.368(3) 0(22)-C(21) 1.238(5)
Gd(1)-0(1w) 2.379(3) o(11)-C(11) 1.256(5)
Gd(1)-0(3w) 2.422(3) 0(12)-C(11) 1.232(5)

| 0(21)-Gd(1)-0(22a) 120.96(11) 0(222)-Gd(1)-0(12a) 73.78(11)

| \"?:;ﬂ 0(21)-Gd(1)-0O(12ay 78.19(12) 0(21)-Gd(1)-0(11) 74.36(11)

i N, 0(22a)-Gd(1)-0O(12a) 73.78(11) 0(222)-Gd(1)-0(11) 78.47(11)

‘ ' 0(21)-Gd(1)-0(11) 74.36(11) 0(12a)-Gd(1)-0(11) 122.13(10)

;[ 0(22a)-Gd(1)-0(11) 78.47(11) 0(21)-Gd(1)-O(4w) 81.04(12)

: 0(12a)-Gd(1)-O(11) 122.13(10) 0(222)-Gd(1)-O(4w) 142.78(11)
0(21)-Gd(1)-0(4w) 81.04(12) 0(12a)-Gd(1)-O(4w) 143.29(11)
0(222)-Gd(1)-O(4w) 142.78(11) 0(11)-Gd(1)-O(4w) - 79.90(11)
0(12a)-Gd(1)-O(4w) 143.29(11) 0(21)-Gd(1)-0(1w) 141.51(11)
O(11)-Gd(1)-O(4w) 79.90(11) 0(22a)-Gd(1)-0O(1w) 85.59(12)
0(21)-Gd(1)-0(1w) 141.51(11) 0(12a)-Gd(1)-O(1w) 84.37(12)
0(22a)-Gd(1)-0(1w) 85.59(12) O(11)-Gd(1)-O(1w) 142.56(10)
0(12a)-Gd(1)-O(1w) 84.37(12) O(4w)-Gd(1)-O(1w) 93.70(13)
0(22a)-Gd(1)-0O(3w) 72.62(11) 0O(21)-Gd(1)-0(3w) 138.97(12)
0(12a)-Gd(1)-O(3w) 139.91(12) 0(22a)-Gd(1)-0(3w) 72.62(11)
O(11)-Gd(1)-0(3w) 71.05(10) 0(12a)-Gd(1)-O(3w) 139.91(12)
O(4w)-Gd(1)-O(3w) 71.86(11) 0O(11)-Gd(1)-0(3w) 71.05(10)
O(1w)-Gd(1)-0(3w) 71.90(11) O(4w)-Gd(1)-0(3w) 71.86(11)
0O(21)-Gd(1)-0(2w) 71.62(11) O(1w)-Gd(1)-0(3w) 71.90(11)
0(222)-Gd(1)-0(2w) 141.54(11) 0O(21)-Gd(1)-0(2w) 71.62(11)
0(122)-Gd(1)-0(2w) 74.12(11) 0(222)-Gd(1)-0(2w) 141.54(11)
0O(11)-Gd(1)-0(2w) 137.71(11) 0(12a)-Gd(1)-0(2w) 74.12(11)
0O(4w)-Gd(1)-0(2w) 70.72(11) 0O(11)-Gd(1)-0(2w) 137.71(11)
O(1w)-Gd(1)-O(2w) 70.69(11) O(4w)-Gd(1)-0(2w) 70.72(11)
0O(3w)-Gd(1)-0(2w) 124.07(10) O(1w)-Gd(1)-0(2w) 70.69(11)
C(11)-0(11)-Gd(1) 130.9(2) O(3w)-Gd(1)-0(2w) 124.07(1)
C(11)-0(12)-Gd(1a) 159.8(3) C(11)-0(11)-Gd(1) 130.9(2)
0(12)-C(11)-0(11) 127.0(4) C(11)-0(12)-Gd(1a) 159.8(3)
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C(21)-0(21)-Gd(1) 146.1(3) 0(12)-C(11)-0(11) 127.0(4)
C(21)-0(22)-Gd(1a) 142.8(3) C(21)-0(21)-Gd(1) 146.1(3)
0(22)-C(21)-0(21) 127.4(4) C(21)-0(22)-Gd(1a) 142.8(3)
0(21)-Gd(1)-0(12a) 78.19(12) 0(22)-C(21)-0(21) 127.4(4)
(b) Complex 3

Gd(1)-0(11) 2.302(8) Gd(2)-N@41) 2.568(9)
Gd(1)-0(21) 2.361(8) o1n-can 1.243(20)
Gd(1)-N(31) 2.610(12) 0(12)-C(11) 1.241(22)
Gd(2)-0(12) 2.432(14) 0(21)-C(21) 1.170(15)
Gd(2)-0(22) 2.233(18) 0(22)-C(21) 1.325(22)
N(31)-Gd(1)-O(11b) 146.0(3) 0(22)-Gd(2)-0(22a) 114.7(9)
0O(21)-Gd(1)-0(21a) 125.5(4) N(41)-Gd(2)-0(22a) 145.9(3)
N(31)-Gd(1)-O(21a) 137.6(3) N(41)-Gd(2)-N(41a) 105.2(4)
0O(11)-Gd(1)-N(31a) 146.0(3) N(41)-Gd(2)-N(41c) 72.9(4)
0O(21)-Gd(1)-N(31a) 137.6(3) N(41)-Gd(2)-N(41b) 63.6(4)
N(@B31)-Gd(1)-N(31b) 106.4(5) Gd(1)-0(11)-C(11) 152.1(9)
N(31)-Gd(1)-N(31a) 63.0(5) Gd(2)-0(12)-C(11) 133.1(11)
N(31)-Gd(1)-N(31¢c) 74.8(5) Gd(1)-0(21)-C(21) 143.4(8)
0(12)-Gd(2)-0(22) - 77.1(2) Gd(2)-0(22)-C(21) 156.3(13)
0(12)-Gd(2)-N(41) 76.8(3) Gd(1)-N(31)-C(31) 121.6(9)
0(22)-Gd(2)-N@41) 80.1(4) Gd(1)-N(31)-C(35) 116.4(8)
0(12)-Gd(2)-O(12b) 131.1(6) Gd(2)-N(41)-C41) 125.0(7)
0(22)-Gd(2)-0(12b) 77.12) Gd(2)-N(41)-C(45) 120.4(6)
N(41)-Gd(2)-0(12b) 137.0(2) O(11)-C(11)-0(12) 130.4(13)
OQ21D-C(21)-0(22) 120.2(12)

(c) Complex 4

Gd(1)-0(21) 2.334(5) O(11)-C(11) 1.251(8)
Gd(1)-0(31) 2.361(5) 0(12)-C(11) 1.250(8)
Gd(1)-0(22a) 2.362(5) 0(12)-Gd(la) 2.362(5)
Gd(1)-0O(12a) 2.362(5) 0(22)-Gd(1a) 2.362(5)
Gd(1)-0(11) 2.385(5) 0(21)-C(21) 1.252(9)
Gd(1)-0O(1w) 2.461(5) 0(22)-C(21) 1.238(9)
Gd(1)-N(41) 2.570(6) 0O@31)-C(31) 1.257(10)
Gd(1)-N(42) 2.599(6) 0(32)-C(31) 1.217(12)
0O(21)-Gd(1)-0(31) 81.0(2) O(1w)-Gd(1)-N(41) 72.8(2)
0(21)-Gd(1)-0(22a) 121.4(2) 0(21)-Gd(1)-N(42) 146.1(2)
O(31)-Gd(1)-0(22a) 142.4(2) 0(31)-Gd(1)-N(42) 75.7(2)
O(21)-Gd(1)-0(12a) 79.2(2) 0(22a)-Gd(1)-N(42) 69.8(2)
0O(31)-Gd(1)-0(12a) 143.6(2) 0O(12a)-Gd(1)-N(42) 133.0(2)
0(22a)-Gd(1)-0(12a) 73.7(2) O(11)-Gd(1)-N(42) 77.8(2)
O(21)-Gd(1)-0(11) 74.3(2) O(1w)-Gd(1)-N(42) 121.3(2)
O@31)-Gd(1)-0(11) 80.5(2) N(41)-Gd(1)-N(42) 63.4(2)
0(22a)-Gd(1)-0(11) 78.1(2) C(11)-0O(11)-Gd(1) 138.3(4)
0O(12a)-Gd(1)-0(11) 122.2(2) C(11)-0(12)-Gd(1a) 150.2(5)
0O(21)-Gd(1)-O(1w) 74.4(2) 0(12)-C(11)-0(11) 126.7(7) -
O3 D-Gd(1)-0(1w) 74.7(2) C(21)-0(21)-Gd(1) 157.7(6)
0(22a)-Gd(1)-0O(1w) 136.9(2) C(21)-0(22)-Gd(1a) 133.5(5)
0(12a)-Gd(1)-O(1w) 70.7(2) 0(22)-C(21)-0(21) 126.8(7)
O(11)-Gd(1)-0(1w) 142.5(2) C(31)-0(31)-Gd(1) 133.5(5)
O(21)-Gd(1)-N(41) 145.9(2) 0(32)-C(31)-0(31) 127.5(9)
O@31)-Gd(1)-N(41) 99.1(2) C(41)-N(41)-Gd(1) 121.9(5)
0(22a)-Gd(1)-N(41) 78.7(2) C(45)-N(41)-Gd(1) 120.6(5)
0O(12a)-Gd(1)-N(41) 81.4(2) C(52)-N(42)-Gd(1) 122.6(5)
O(11)-Gd(1)-N(41) 139.7(2) C(49)-N(42)-Gd(1) . 119.8(5)
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(d) Complex §
Gd(1)-0(11) 2.310(7)
Gd(1)-0(21) 2.336(7)
Gd(1)-0(22a) 2.351(7)
Gd(1)-O(12a) 2.406(7)
Gd(1)-0(31) 2.432(7)
Gd(1)-0(32) 2.504(7)
Gd(1)-N@41) 2.530(8)
O(11)-Gd(1)-0(21) 78.7(3)
0(11)-Gd(1)-0O(22a) 76.0(3)
0(21)-Gd(1)-0(22a) 126.9(2)
0O(11)-Gd(1)-O(12a) 124.6(3)
0(21)-Gd(1)-0(12a) 77.7(3)
0(22a)-Gd(1)-0(12a) 79.6(3)
0O(11)-Gd(1)-0(31) 149.3(3)
0O(21)-Gd(1)-0(31) 85.5(3)
0(22a)-Gd(1)-0(31) 133.7(2)
0(12a)-Gd(1)-0(31) 76.3(3)
O(11)-Gd(1)-0(32) 149.7(3)
0(21)-Gd(1)-0(32) 131.6(3)
0(22a)-Gd(1)-0(32) 82.0(2)
0(122)-Gd(1)-0(32) 70.1(3)
0(31)-Gd(1)-0(32) 52.7(2)
O(11)-Gd(1)-N(41) 81.4(3)
0O(21)-Gd(1)-N(41) 141.0(3)
0(222)-Gd(1)-N(41) 79.0(3)
0(122)-Gd(1)-N(41) 140.4(3)
0(31)-Gd(1)-N(41) 95.3(3)
0(32)-Gd(1)-N@41) 74.1(3)
O(11)-Gd(1)-N(42) 74.2(3)
0(21)-Gd(1)-N(42) 78.5(3)
5 | O(22a)-Gd(1)-N(42) 135.1(3)
| O(12a)-Gd(1)-N(42) 145.3(3)
O@31)-Gd(1)-N(42) 76.9(3)

Gd(1)-N@42) 2.581(10)
0(12)-Gd(1a) 2.406(7)
0(22)-Gd(1a) 2.351(7)
o(11)-C(11) 1.246(12)
0(12)-C(11) 1.265(13)
O(21)-C(21) 1.260(11)
0(22)-C(21) 1.241(12)
0(32)-Gd(1)-N(42) 109.4(3)
N(41)-Gd(1)-N(42) 64.03)
O(11)-Gd(1)-C(31) 167.3(3)
0(21)-Gd(1)-C(31) 107.8(3)
0(22a)-Gd(1)-C(31) 106.9(3)
0(12a)-Gd(1)-C(31) 67.9(3)
03 1)-Gd(1)-C(31) 27.0(3)
0(32)-Gd(1)-C(31) 26.2(3)
N(41)-Gd(1)-C(31) 87.0(3)
N(42)-Gd(1)-C31) 96.2(3)
C(11)-0(11)-Gd(1) 168.3(8)
C(11)-0(12)-Gd(1a) 116.8(6)
O(11)-C(11)-0(12) 123.5(10)
C(21)-0(21)-Gd(1) 142.3(6)
C(21)-0(22)-Gd(1a) 133.6(6)
0(22)-C(21)-0(21) 126.7(9)
C(31)-0(31)-Gd(1) 93.0(6)
C(31)-0(32)-Gd(1) 90.6(6)
0(32)-C(31)-0(31) 121.909)
0(32)-C(31)-Gd(1) 63.3(5)
0O31)-C(31)-Gd(1) 60.0(5)
C(32)-C(31)-Gd(1) 167.4(8)
C(44)-N(41)-Gd(1) 122.2(7)
C(40)-N(41)-Gd(1) 119.8(7)
C(49)-N(42)-Gd(1) 124.0(8)
C(45)-N(42)-Gd(1) 119.2(6)

Symmetry codes: for 1, -x, -y, 1-z; for 3, a) X, -y, z, b) -X, ¥, Z, €) X, -y, Z; for 4, a) -z, 1-y, -2, b) 1-x, -1

¥, 2; ©) -1x, -y, 1-z; for 5, a) 2-x, -y, 2-z.

tained, respectively. Whereas the co-existence of both
phen and excessive pybet ligands results in the forma-
tion of complex 4. A similar mechanism may hold for
the formation of complex 5.

H,0 h
() Gd% + pybet — e (Ga(pybet) 4(H;0)s)6r T——w  [Gda(pybet) 4(phen) (16

1 2 complex 1 complex 3

H
(2) Gd3+ + pybet 20, (Gd y(pybet) 4,00 516*3“—“—[& 2(pybet) ¢(phen) ,(H,0),16

1 : 3 complex 2 complex 4

(3) Gd 3 + ppbet E’[Gdz(ppbet) oH 20)416*—"—‘1- [Gd 2(pybet) 4(phen) 415+
1 : 3 complex §
[Gdz(pybet)4(H20)8](C104)6 (1). Complex 1 com-

prises discrete [Gd,(pybet) 4(H20)8]6* cations, and

perchlorate anions. As shown in Fig. 1, a pair of
centrosymmetrically related Gd(III) atoms are quadru-
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ply bridged by the pybet carboxylate-O,0’ groups ino *

a centrosymmetrical dimeric structure. Each Gd(II)icn
is further coordinated by four terminal aqua ligands,
resulting in a distorted square-antiprismatic coordina-
tion sphere about the metal atom. The Gd—O(carbox)
bond lengths and Gd-O(aqua) fall in range of 2.304(3)
to 2.370(3) A and of 2.368(3) to 2.426(3) A, respe:-
tively. In the square-antiprismatic coordination sphere
(see Fig. 2), the upper square face consists of four oxy-
gen atoms from the quadruple carboxylate bridges,
which are very close to the least-squares plane with the
deviations within £0.006 A. The lower square face cora-
prises four aqua ligands, and the deviations of the oxy-
gen atoms from the least-squares plane are quite sig-
nificant (£0.243 A). The angle between the square faces
is 3.0°. Similar quadruply carboxylate-bridged
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Symmetric code (a) -X, -y ,1-z.

lanthanide(III) complexes have found in several
lanthanide(IIl) carboxylates [5,15,16] which comprise
similar dimeric structures with each metal atom being

i eight-coordinate, and having four aqua terminal.

[Gd,(pybet) (phen) J(ClO,),(3H,0 (3). Complex 3
contains discrete [Gd,(pybet),(phen),]* cations,
perchlorate anions and lattice water molecules. The
[Gd,(pybet),(phen) J% cation is bisected by a pair of
vertically-related mirror planes in the solid. As shown

+ in Fig. 3, a pair of Gd(III) atoms is linked by four -

carboxylate-0,0’ groups of pybet ligands into a dimeric
structure. Each Gd(III) ion is further coordinated by two
terminal bidentate phen ligands, forming a distorted
Square-antiprismatic coordination sphere about the
metal atom, which is similar to that found for complex
1. The Gd-O bond lengths and Gd—N bond lengths fall
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in range of 2.23(2) to 2.43(1) A and of 2.568(9) to
2.61(1) A, respectively. Noteworthy is the fact that no
dinuclear lanthanide(IIl) complexes with each metal
atom ligated by two terminal bidentate aromatic diamine
ligands have been reported so far, although the dimeric
lanthanide(IIl) complexes containing quadruple car-
boxylate bridge and phen as terminal ligands have pre-
viously been reported [17,18].
[Gd,(pybet)(phen),(H,0),1(CIO,)-2H,O (4). Com-
plex 4 also comprises discrete cations, namely
[Gd,(pybet) (phen),(H,0),]%*, perchlorate anions and
lattice water molecules. As shown in Fig. 4, a pair of
centrosymmetrically related Gd(III) atoms are con-
nected by a quadruple bridge of the pybet carboxylate-
0,0’ groups into a centrosymmetrical dimeric struc-
ture. Each Gd(III) ion is further coordinated by a
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Figure 2. Perspective view showing the distorted square-
antiprismatic evironment about the Gd(III) atom in the complex 1.

bidentate phen ligands, a monodentate carboxylate
group of a pybet ligand and an aqua ligand, resulting in
a distorted square-antiprismatic coordination sphere
about the metal atom. The Gd—O(carboxy) bond lengths
and Gd-N bond lengths fall in range of 2.334(5) to
2.385(5) A and of 2.570(6) to 2.599(6) A, respectively.
The square-antiprismatic coordination sphere about the
Gd(III) atom is also similar to that found for complex 1
and 3.

The other interesting feature is the formation of a
hydrogen bond (2.61(1) A) between the uncoordinated
oxygen atom of the monodentate pybet ligand and th2
aqua ligand; this relatively strong interaction probably
contributes to consolidating the dimeric structure.

[Gdz(ppbet)6(bpy)2](C10 Ve 3H,0 (5). Complex 3
also comprises discrete cations, namely
[Gdz(ppbet)s(bpy)z]“, perchlorate anions and lattic:

Figure 3. ORTEP drawing (35% probability) of the dimeric cation [Gd,(pybet),(phen),J** in complex 3, and the atom-numbering scheme.

Symmetric code (a) x, -y, Z.
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water molecules. As shown in Fig. 5, a pair of Gd(III)
atoms are connected by a quadruple bridge of the ppbet
carboxylate-0,0’ groups into a dimeric structure. Each
Gd(III) ion is further coordinated by a bidentate bpy
!ligands, a bidentate ppbet carboxylate group, resulting
%in a distorted square-antiprismatic coordination sphere
;about the metal atom. The Gd-O(carboxy) bond lengths
?nd Gd-N bond lengths fall in range of 2.310(7) to
2.504(7) A and of 2.530(8) to 2.58(1) A, respectively.

————

scheme.

The square-antiprismatic coordination sphere about the

metal atoms are analogous to those found for the above-
|
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mentioned complexes.

One interesting feature of complex 5 is that the two
carboxylate group of the pair of terminal ppbet ligands
act in the chelate mode, which are different from the
terminal pybet ligands in complex 4. This fact further
confirms that with additional methylene group, the in-
ductive effect of the positively-charged nitrogen atom
on the carboxylate group of ppbet is reduced in com-
parison to that in pybet, resulting that ppbet has a smaller
O-C-O bond angle and hence a greater tendency to form
the chelate mode in coordination with metal ions, in
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Figure 5. ORTEP drawing (35% probability) of the dimeric cation [Gdz(ppbet)ﬁ(bpy)z]“ in comblex 5, and the atom-numbering scheme. ?Oe'
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Symmetric code: a) 2-X, -y, 2-Z.

comparison with that of pybet [9,19].

The magnetic susceptibility data for 5 were meas-
ured over the temperature range 4-300 K. The effective
magnetic moments per dimer (1,,) versus temperature
are shown in Fig. 6. At 320 K, the p has the value of
10.82 B.M., and it increases slowly with decrease of
temperature, and reaches the maximum of 11.26 B.M.
at 7.0 K. This behavior is typical of a very weak
ferromagnetic interaction.

These magnetic susceptibility data very closely fol-
low the equation deduced from the isotropic spin Ham-
iltonian H =-JS S ;;, With the quantum numbers S,
=S, =112 This equation [6] is given by

(N Bt € +50% +14e™ +302% +55¢% +91e”” +140¢™"
M KT T53¢" 750" 17 4927 +11e™ +13¢™ +15¢™

M
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shi

where x = J/kT, ,, denotes the susceptibility per bin- fur
clear complex and the remaining symbols have the it
usual meanings. The good fitting to the experimental, °
data was attained with eq. (1), giving the isotropic i
teraction parameter J = 0.037 cm’!, the Zeeman factor g , .
= 1.95 with the discrepancy factor R (Z(X o] - Xcaic Tt
(X, D) = 0.0056. The result (J > 0 and || is veryUn
small) indicates a very weak ferromagnetic spin ex-
change interaction between the pair of Gd(III) ions. Our
results are different from those found for a dimeri¢
Gd(I1D) acetate, which has very weak antiferromagnetic,
exchange interaction (J = -0.035 cm™) [6]. This may, at
least partially, be attributed to different geometry of the
quadruple carboxylate bridges between the pair of
Gd(I1I) ions in the dimeric structure, since in the ac3
etate complex, two of the acetate groups act in the



12
>
a @m&n QOO0 o Oy
I A~ A = B W B © M & A © M0 N ¥ o)
5 o)
o
0 D
E 10
3 P
Q
-
C
0]
E
2 gl
o
@ -Z
+J
QO
g ¢
[\
L
6 [ | 1 1 | I
0 50 100 160 200 250 300 350
T- (K
Figure 6. Temperature-dependence of molar effective moments (1, for complex 5. The solid line corresponds to the best theoretical fit
iusing J =0.037 cm! and g = 1.95 (see text).
bidentate bridging mode and the others two in the 4 Imai, T., Shimoi, M. and Ouchi, A. (1987) Bull. Chem. Soc.
bidentate bridging plus chelate mode. Very weak mag- Jpn. 60: 2730.
5 Chen, X.-M., Wu, Y.-L. and Yang, Y.-S. (1995) Aust. J. Chem.

‘ SCheme;netic spin-exchange interaction between lanthanide(III)

lions may account for the fact that 4f-electrons are

Jshielded by the outershell electrons [20]. Our findings
st binu _j_further confirm that the intramolecular interaction be-
e theil)‘tween two 4fions can be detected [6]. This interaction,
men ta]?!lowever, is much smaller than those between 3d metal
. . llons, or even those between 4f and 3d ions [20,22].
ypic in-
factor N
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