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Two tripodal ligands, bis(2-benzimidazolylmethyl)(2-pyridylmethyl)amine (L) and his(2-pyridylmethyl)(2-benzimid-
azolylmethyl)amine (L?), were synthesized. With the third chromophoric ligand antipyrine (Antipy), three series of
lanthanide(lll) complexes were prepared: [LnLY(Antipy)s](ClO,)s (series A), [LnL(Antipy)Cl(H,0),]Cly(H20) (series
B), and [LnL?(NOs);] (series C). The nitrate salt of the free ligand H,L+(NOs), and six complexes were structurally
characterized: Pr3*A, Y¥*A, Eu**B, Eu®*C, Gd*C and Tb**C, in which the two A and three C complexes are
isomorphous. Crystallographic studies showed that tripodal ligands L' and L? exhibited a tripodal coordination
mode and formed 1:1 complexes with all lanthanide metal ions. The coordination numbers of the lanthanide metal
ions for the A, B, and C complexes were 7, 8, and 10, respectively. Conductivity studies on the B and C complexes
in methanol showed that, in the former, the coordinated CI~ dissociated to give 3:1 electrolytes and, in the latter,
two coordinated NO;~ ions dissociated to give 2:1 electrolytes. Detailed photophysical studies have been performed
on the free ligands and their Gd(lll), Eu(lll), and Th(lll) complexes in several solvents. The results show a wide
range in the emission properties of the complexes, which could be rationalized in terms of the coordination situation,
the 3LC level of the complexes, and the subtle variations in the steric properties of the ligands. In particular the
Eu®*A and Th%A complexes, in which the central metal ions were wholly coordinated by chromophoric ligands of
one L! and three antipyrine molecules, had relatively higher emission quantum yields than their corresponding B
and C complexes.

Introduction due to their visible long-lived emission. However, their

Over the past few years, considerable attention has beerPhotophysical properties markedly depend on their environ-
devoted to the design and synthesis of luminescent lanthaniddMent: To get an efficient cation emission, the chromophoric
complexes due to their potential use in biology and medicine, 11l9and should first absorb light strongly in the UV region
such as as catalysts for specific cleavage of RNA, stains for@nd transfer it to the lanthanide ion efficiently, and second
fluorescence imaging, and supramolecular devicédn protect it from solvent molecules that can quench the central
particular, E&* and TB* are attractive luminescent centers Metal emissiorf-® Many cryptand, calixarene, cyclodextrin,
podand-type, and terpyridine-like ligands have been designed
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Figure 1. Crystal structure of the free ligand,H(NOs)s.

As contrast agents for magnetic resonance imaging (MRI),
the tripodal ligands derived from the Schiff base condensation CH— A0
with tris(2-aminoethyl)amine have attracted much attention CH3_\=7/
recently*3-16 With three suitably designed arms, the tripodal
ligands could shield the encapsulated lanthanide ions from
interaction with the surroundings, and by deliberate incor- Photophysical studies of some nitrate-coordinated lanthanide
poration of appropriate multiple absorption groups suitable complexes with another similar tripodal ligand, bis(2-pyri-
for energy transfer, they could be used to develop strong dylmethyl)(2-benzimidazolylmethyl)amine {LChart 1).
luminescent lanthanide complexes. We have been interestecE
in the synthesis and characterization of lanthanide complexes
with tripodal ligands incorporating a benzimidazole grétigt Materials. Solvents and starting materials were purchased
which allows easy derivation and potentially stromg commercially and used without further purification unless otherwise
stacking interaction to form supramolecular structures. In noted. Hydrated lanthanide nitra'Fes, chl_orides, and perchlorgtes were
particular, we have recently synthesized a tripodal ligand, ﬁ::tfgsgafmm the corresponding oxides according to literature
bis(2-benzimidazolylmethyl)(2-pyridylmethyl)amine(IFig- > . ) ) ..

. . . Caution! Lanthanide perchlorates combined with organic ligands
ure 1), and its two series of lanthanide Compl_exes _([LnL are potentially explosivs and should be handled in srr?all quagntities
(NQO3)3]*C,HsOH and [LnL*Cl3(H,0)]-C,HsOH), in which

. . ) b ) and with adequate precautions.
the metal ions are coordinated with onednd three anions Methods and Instrumentation. Elemental analyses (C, H, N)

(NO;~ or CI").#In an effort to completely encapsulate the \yere carried out on a Varian EL elemental analyZét.NMR
lanthanide ion with chromophoric ligands and increase its spectra were recorded on a Varian-500 NMR spectrometer with
luminescence, herein, besides the tripodal ligafd vie SiMe, as an internal standard, UV spectra on a SHIMADZU UV-
introduce a second organic ligand, antipyrine, instead of those2501PC spectrophotometer, infrared spectra from 4000 to 400 cm
anions (Chart 1), and synthesize two series of their lanthanideon a Bruker EQINOX 55 FT-IR spectrometer, and fast atom
complexes. To examine the ligand-to-metal energy-transferbombardment (FAB) mass spectra on a VG ZAB-HS mass
process of these kinds of lanthanide complexes in more SPectrometer with 3-nitrobenzyl alcohol as matrix. Conductivity

detail, in this paper, we also present the syntheses andmeasurements were carried out with a DDS-11 conductivity bridge
' ' for 103 mol dn1? solutions in CHCN and CHOH.

Preparation of Bis(2-benzimidazolylmethyl)(2-pyridylmeth-
ylh)amine (L1) and [LnL *(NO3)3]-C,HsOH (LnL %; Ln = Th, Gd,
Eu). The ligand ! and its nitrate-coordinated lanthanide complexes
LnL! were synthesized according to procedures previously de-
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scribed?? We obtained a pale yellow single crystal of,{H)-(NOs)2
while attempting to get the crystal [LA(Antipy)s](NOz)3 in air at
room temperature from an ethanol solution of Tb@OLY, and
antipyrine in a 1:1:3 molar ratio.

Preparation of [LnL Y(Antipy) 3](ClO 4)3 (Series A; Ln = La,
Pr, Eu, Gd, Th, Y). To a methanol solution (10 mL) of'(0.018
g, 0.05 mmol) and Ln(Clg)s-11H,0O (0.05 mmol) was added a
methanol solution (5 mL) of antipyrine (0.029 g, 0.15 mmol) slowly.
The resulting solution was stirred and heated for 30 min. After
filtration, the solution was left standing overnight at room temper-

(23) Desreux, J. F. IiLanthanide Probes in Life, Chemical and Earth
SciencesChoppin, G. R., Bozli, J.-C. G., Eds.; Elsevier Publishing
Co.: Amsterdam, 1989; Chapter 2, p 43.



Lanthanide Complexes with Tripodal Ligands

Table 1. Mass, Elemental Analytical, IR Spectral, and Conductivity Data for the Complexes

elemental analys@$%)

IR (Vmadcm™?)

An¥Q tecmémolt

FAB MS, mz C H N ’Vc:Nb Y=o VNod CH3OH Cl‘bCN
L? 330 [M + H]*" 72.67(72.93) 6.02(5.81) 21.13(21.26) (1620, 1589)
La3*A  1271{LalLY(Antipy)s(ClOs)z}  47.91(48.21) 4.47 (4.12) 12.11(12.27) (1620,1604) 1628
Pr3tA  1274{PrLY(Antipy)s(ClOs)2}  48.01(48.14) 4.52(4.11) 11.89(12.25) (1619,1603) 1629
EuStA  1284{EuLY(Antipy)s(ClOs)2} 47.51(47.75) 4.46(4.08) 11.97 (12.15) (1620,1603) 1632
Gd3*A 47.11 (47.57) 4.51(4.06) 11.85(12.10) (1621,1604) 1631
Th3tA  1291{TbL(Antipy)s(ClOs);} 47.32 (47.51) 4.33(4.06) 11.91(12.09) (1621,1602) 1630
Y3tA 49.35(50.03) 4.52(4.27) 12.34(12.73) (1622,1602) 1631
Eut™B  780{ EuL'(Antipy)Clz} 4455 (44.69) 4.16 (4.55) 1257 (12.64) (1618,1599) 1625 309.1 203.2
Gd3*B  785{GdL(Antipy)Cl.} 44,01 (44.44) 4.21(4.52) 12.78(12.57) (1619,1600) 1629 352.6 185.1
Tb3'B  787{TbL(Antipy)Cl2} 43.92 (44.38) 4.19(4.52) 12.72(12.56) (1620,1602) 1628 330.7 179.6
La3*C  593{LalL?*(NOs);} 36.68(36.71) 3.22(2.93) 17.57(17.13) (1623, 1605) (1294, 1462) 203.8 <2
Eut™C  606{EuL?(NOg)2} 35.92(35.99) 3.19(2.87) 16.90(16.79) (1622, 1602) (1301, 1460) 187.2 <2
Gd3*C  611{GdL*(NOs)2} 35.31(35.71) 3.07(2.85) 16.83(16.66) (1621, 1604) (1295, 1473) 2189 <2
Tb3*C  613{TbL*NOs)2} 35.41(35.62) 2.95(2.84) 16.44(16.62) (1621, 1606) (1300, 1475) 223.5 <2
aData in parentheses are calculated val@ésidazole ring.c Antipyrine. 9 Nitrate. ¢ Measured at 298 K.
Table 2. Crystal Data and Structure Refinement for the Fréeuhd Six Complexes
HoL+(NO3), Pr3tA Y3A Eus'B EustC Gd3+C Th3tC
empirical formula GszzNgOs C55H55N12015C|3PI' C55H56N12015C|3Y Cg3H40N305C|3EU GonlgNgogEU CgongNgOQGd CgongNsOQTb
fw 494.60 1372.37 1320.38 887.04 667.38 672.68 674.34
cryst syst monoclinic monoclinic monoclinic _triclinic monoclinic monoclinic ~ rhombohedral
space group P2;/c P2:/m P2;/m P1 P2:/n P2i/n R3
a A 8.176(2) 12.530(2) 12.487(2) 10.400(2) 11.689(2) 11.6761(19) 17.275(5)
b, A 18.447(3) 41.536(6) 41.337(6) 10.853(2) 13.667(3) 13.659(2) 17.275(5)
c, A 15.437(3) 13.816(2) 13.729(2) 17.598(3) 16.122(3) 16.115(3) 17.275(5)
o, deg 90 90 90 78.639(3) 90 90 99.268(4)
p, deg 92.641(4) 115.35 115.36 81.833(3) 106.04 106.049(4) 99.268(4)
y, deg 90 90 90 84.934(3) 90 90 99.268(4)
Vv, A3 2325.8(7) 6498(2) 6404(2) 1924.0(5) 2475.3(8) 2469.9(7) 4928(2)
z 4 4 4 2
Dealed g CNT 3 1.401 1.403 1.370 1.531 1.791 1.809 1.412
temp, K 294 293 293 293 293 293 293
u, mmt 0.106 0.943 1.107 1.888 2.600 2.752 2.205
0 range, deg 2.4927.63 9.74-27.09 9.75-25.06 1.92-27.58 1.92-27.07 1.92-27.55 3.94-30.00
no. of refins measured 5348 13609 10653 10449 5393 5692 9418
no. of reflns used 1317 5509 3027 8095 3095 2185 3597
no. of params 371 859 817 897 343 344 362
final R2 (I > 20(1)) R1=0.0502 R1=0.0965 R1=0.0789 R1=0.0418 R1=0.0459 R1=0.0520 R1=0.0726
wR2=0.1123 wR2=0.2136 wR2=0.1761 wR2= 0.0965 wR2=0.0982 wR2=0.1029 wR2=0.1809
R (all data) R1=0.2459 R1=0.2162 R1=0.3119 R1=0.0613 R1=0.0977 R1=0.1419 R1=0.2080
wR2=0.1765 wR2=0.2613 wR2= 0.2639 wR2=0.1043 wR2=0.1250 wR2=0.1209 wR2=0.2713
goodness of fit o2 0.791 0.973 0.877 0.953 1.008 0.760 1.027

AR1 = 3|Fo| — |Fel3|Fol. WR2 = [SW[(FeZ — FAA/S [[W(FADZ) Y2 w = 1/[6%(Fsd) + (0.075), whereP = [max(Fo20) + 2F2)/3.

ature to afford a pale yellow solid, which was filtered, washed three  Preparation of [LnL 2(NO)s] (Series C; Ln = La, Eu, Gd,
times with methanol and diethyl ether successively, and dried over Tb). To a clear solution of £(0.016 g, 0.05 mmol) in ethanol (5
CaCl in a desiccator for 1 day to give the product in-500% mL) was added slowly a solution of Ln(NR-5H,O (0.05 mmol)
yield. Pale yellow single crystals were obtained by vapor diffusion in 5 mL of ethanol. The resulting solution was treated as in series
of diethyl ether into the ethanol solution. A, and the yield was in the range 5@0%. Pale yellow single
Preparation of [LnL (Antipy)CI(H 20),]Cl»(H-0). (Series B; crystals were obtained as in serigs
Ln = Eu, Gd, Th). In a similar method, a solution of antipyrine X-ray Crystallography. Details of crystallographic parameters,
(0.029 g, 0.15 mmol) in 5 mL of methanol was added to a methanol data collection, and refinements are listed in Table 2. Intensities
solution (10 mL) of L* (0.018 g, 0.05 mmol) and LngbH,O (0.05 were collected on a Bruker SMART 1000 CCD diffractometer with
mmol). The resulting solution was treated as above, and the yield graphite-monochromated Modkradiation ¢ = 0.71073 A) at 293
was in the range of 4660%. Pale yellow single crystals were K. Absorption corrections were applied using ABSC&RThe
obtained as in serieA. structures were solved by direct methods and refined anisotropically
Preparation of Bis(2-pyridylmethyl)(2-benzimidazolylmeth- by the full-matrix least-squares technique using the SHELX 97
yl)amine (L?). The preparation was similar to the recently reported Program packag&. The coordinates of the non-hydrogen atoms
proceduré? Yield: 53%. IR (KBr, cntl): 3411 (br), 3050 (br), were refined anisotropically, while hydrogen atoms were included
1589 (s), 1510 (m), 1433 (s), 1330 (m), 1273 (m), 995 (w), 744 in the calculation isotropically but not refined. Neutral atom
(s). FAB MS and elemental analysis data are summarized in Table
1 and'H NMR data in Table 4

(25) Higashi, TABSCOR, An Empirical Absorption Correction Based on
Fourier Coefficient Fitting Rigaku Corp.: Tokyo, 1995.

(26) Sheldrick, G. MSHELX 97, A software package for the solution and
refinement of X-ray dataUniversity of Gdtingen: Gitingen,
Germany, 1997.

(24) Matthias, P.; Mark, D.; Florian, S.; Kristin, Z.; Felizitas, K. M.; Bernt,
K. J. Chem. Soc., Dalton Trang2001, 828.
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scattering factors were taken from Cromer and W&bEeull details
are available in the Supporting Information.

Photophysical StudiesThe solvents used for the photophysical
investigations were the following: (i) distilled acetonitrile and
methanol from Cakland Mg(OMe), respectively; (ii) distilled
water from a Millipore Milli-RO 15 purification system; (iii) 99.5%
isotopically pure CROD and BO (Carlo Erba). Absorption spectra
were obtained on a SHIMADZU UV-2501PC spectrophotometer
and emission and excitation spectra on a HITACHI 850 spectrom-
eter. Fluorescence quantum yields were determined following the
method described by Nakamaru et al., using [Ru(kiGh
(bipy = 2,2-bipyridine; ® = 0.028 in wateriex. = 436 nm¥8 as
standard for the B complex, and quinine sulfated(= 0.546 in
0.5 mol dnT3 H,SOy; Aexe = 365 nm¥° for the TIFT complex. The
luminescence decays were recorded using a pumped dye laser
(Lambda Physics model FL2002) as the excitation source. The

number of coordinated solvent moleculgsfor the E#+ and Ti5*+ Figure 2. Intermolecularr—zx interaction in the free ligand #11+(NOx)s.

complexes was calculated from the Horrocks equatipr~ . . . .
n(zy~* — 7p71), wherery is the lifetime in the protonated solvent 2). As discussed in previous studis;ompared with the

(water or CHOH) andp that in the corresponding deuterated fanlike” configuration shown in Lnk, the “T-like” con-
solvent and the value ofis 1.05 (E&* in H,0/D,0), 4.2 (TB* in figuration has a larger steric effect, which is offset by this
H,0/D,0), 2.1 (Ed" in CH;OH/CD;0OD), or 8.4 (TH* in CHs- kind of intermolecular interaction. The pyridyl ring oftL
OH/CD;0D).” does not formr—ax stacking with the benzimidazolyl ring,
in agreement with the fact that the benzimidazolyl ring has
a higher conjugated system than the pyridyl ring and is
Synthesis The syntheses of free ligand knd its nitrate- ~ consequently easier to form.
coordinated complexes [Ln(NfALY] (Ln = Eu, Gd, Th) ComplexesPr3*A andY3*A are isomorphous, with only
have been reported befot&The ligand 12 was synthesized ~ very minor differences in their comparative geometries
using procedures similar to those for hy first condensing reflecting the normal lanthanide(lll) contraction effects. The
aminoacetic acid witl-phenylenediamine and then reacting central metal ions are 7-coordinated, surrounded by four
it with 2-picolyl chloride hydrochloride. The effect of anions  nitrogen atoms of the tetradentate ligaridabd three oxygen
on the formation of the complexes was examined by treating atoms of the three antipyrine molecules. Since the coordina-
lanthanide salts (Ln¥xH»0) (X = Cl, ClO,4, and NQ) with tion environment of the metal ion is blocked by three bulky
L! or L2 and antipyrine in a 1:1:3 molar ratio. Elemental antipyrine molecules, no water molecule enters into the
analyses and FAB MS data confirmed tha@nd L formed coordination cavity and the central metal ion is wholly
1:1 complexes with lanthanide ions (Table 1). On the basis coordinated by organic ligands. However, in the crystal
of the crystal structures of lanthanide complexes and the Structure ofEu®*B, besides the four nitrogen atoms of the
similarity of their IR spectra, three series of complexes of ligand L' and one oxygen atom of the antipyine molecule,

Results and Discussion

general formulas [LnkAntipy)s](ClO.,)s (seriesA), [LnL1- there is one Cl, which is smaller than CI9 and easily
(Antipy)CI(H20),]Cl2(H,0), (seriesB), and [LnLA(NOs)3] enters the coordination sphere, and two water molecules
(seriesC) were obtained. coordinated, resulting in an 8-coordinated metal ion. Since
Crystal Structures. The crystallographic data for gHY)- coordinated solvent molecules, especially water or alcohol,
(NOs); and complexeBr3*A, Y3+*A, Eu3*B, Eu3"C, Gd**C, can efficiently quench lanthanide luminescence, Ahand

andTh3*C are listed in Table 2. The structures and atomic B complexes show quite different luminescence properties
numbering schemes of (HY)-(NOs),, Pr3*A, Eu3'B, and (see later). Comparison of these structures shows that the
Tb3C are shown in Figures 1, 3, 4, and 6, respectively, anions (CI and CIQ~) have a substantial effect on the
while the others are not displayed as they are isomorphousstructure, and the ability for antipyrine molecules to exclude
with the above. Despite the fact that some lanthanide Solvent molecules from the first coordination sphere in the
complexes of E have been studied, no crystal structure of A complexes is an important criterion in the design of a
the free ligand has been reported to date. As shown in Figureluminescent lanthanide compléx. _

1, with two benzimidazolyl groups almost coplanar (dihedral ~ ComplexesEu®"C, Gd*"C, andTb3"C are also isomor-
angle 3.8), the free L exhibits a “T-like' configuration ~ Phous and composed of a neutral [X(fOs)s] (Ln = Eu,
which results in intermolecular—zx stacking interaction ~ Gd or Th) entity with the central metal ion 10-coordinated,
between two neighboring molecules closing face-to-face being linked to four nitrogen atoms of the tetradentate ligand
(average center-to-center distance between two adjacent®and six oxygen atoms of the three bidentatesN@roups.

benzimidazolyl groups 3.705 A, dihedral angle’J (Figure ~ Due to the small bite angle in a NOgroup, the donor atoms
of bidentate nitrate are closer together than those of two

(27) ICromehr D.T; Vr\{aber, J. ﬂnternatt‘ional Eabl_es flor X-raxt/) ICF%/SZtaI- independent monodentate ligands such as antipyrine and ClI
(28) ﬁgﬁngrﬁya%cu”.Pégscf.cﬁgm!n?p%nézl572,6;/?. 4, Table 2.2A. 54 the nitrate-based lanthani@ complexes have a high
(29) Meech S. R.; Philips, D. J. Photochem1983 23, 193. coordination number. The low coordination number of the
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Table 3. Selected Band Lengths (A) for All Crystal Structures and Angles (deg) saf¥NO3),, Pr3*A, Eu*B, andEu3*C

O(1)-N(7)
O(2)-N(7)
OR)-N(7)
O(4)-N(8)
O(5)-N(8)
O(6)-N(8)
N(1)-C(2)
N(1)—-C@)

C(2)-N(1)—-C(3)
C(2-N(2)—C(8)
C(10)-N(3)-C(11)
C(10)-N(4)—C(16)
C(22)-N(5)—C(18)
C(9)-N(6)—C(1)
C(9)-N(6)—C(17)
C(1)-N(6)—C(17)
0O@B)-N(7)-0(1)
O(3)-N(7)-0(2)

Pr(1)-0(3)
Pr(1-0(2)

0@B)-Pr(1)-0(2)
O@3)-Pr(1-0(1)
0(2)-Pr(1-0(1)
O@3)-Pr(1)-N(1)
0@2)-Pr(1)-N(1)

Y(1)-0O(3)
Y(1)-0(2)

Eu(1)-0(1)
Eu(1)-0(2W)

O(1)-Eu(1)-0(2W)
O(1)—Eu(1)-O(1W)
O(2W)—Eu(1)-0(1W)

O(1)-Eu(1)-N(1)

O(2W)—Eu(1)-N(1)
O(1W)—Eu(1)-N(1)

Eu(1)-0(2)
Eu(1)-0(5)

0(2)-Eu(1)-0(5)
0(2)-Eu(1)-0(1)
O(5)-Eu(1)-0(1)
O(2)~Eu(1)-0(7)
O(7y-Eu(1)-N(1)
O(8)-Eu(1)-N(1)
O(4)-Eu(1)-N(1)
O(2)-Eu(1)-N(4)
O(5)~Eu(1)-N(4)

Gd(1)y-0(7)
Gd(1)-0(2)

Th(1)-0(4)
Th(1)-0(1)

central metal ions in thé complexes are also due to the
bulkiness of the antipyrine molecules. As shown in the
structures of the Lnt(Ln = Sm, Gd) complexe¥, there is
no water molecule coordinated to the metal ion.

For all complexes, the ligands land L2 exhibit a tripodal
coordination mode, with three imino nitrogen atoms (from
pyridyl and benzimidazolyl groups) and one amino nitrogen

1.223(4)
1.251(4)
1.202(4)
1.275(4)
1.223(4)
1.219(4)
1.324(4)
1.381(4)

109.4(4)
109.3(3)
110.1(3)
107.8(3)
114.9(17)
113.4(3)
113.7(3)
113.4(3)
119.4(4)
120.9(4)

2.252(6)
2.313(6)

93.1(2)
90.0(2)
88.8(3)
172.3(3)
85.3(2)

2.183(9)
2.199(7)

2.265(4)
2.366(4)

78.93(14)
78.40(12)
70.69(12)
107.57(14)
73.46(14)
141.69(14)

2.552(5)
2.557(5)
114.85(18)
49.38(17)
70.62(18)
73.53(17)
116.67(17)
68.63(16)
73.37(16)
67.60(18)
139.67(19)

2.551(5)
2.556(6)

2.465(7)
2.471(7)

N(2-C(2)

N(2>-C(8)

N(3)-C(10)
N(3}-C(11)
N(4)-C(10)
N(4)-C(16)
N(5}-C(22)
N(5)-C(18)

O N(7)-0(2)
O(6yN(8)—0O(5)
O(6yN(8)—-0O(4)
O(5rN(8)—0(4)
N(6yC(1)-C(2)
N(1}C(2)-N(2)
N(1}C(2)-C(1)
N(2)C(2)-C(1)
C(4rC(3)-N(2)
C(4yC(3)-C(8)

Pr(130O(1)
Pr(1}N(1)

O(@)Pr(EyN(1)
O(3)Pr(1)-N(3)
O(2}-Pr(1)-N(3)
O(1)-Pr(1)-N(3)
N(L}-Pr(1)-N(3)

Y(1-0(1)
Y(13N(1)

Eu(E-0(1W)
Eu(EyN(1)

O(BEu(1)-N(3)
O(2W)Eu(1)-N(3)
O(IWYEu(1)-N(3)
N(}Eu(1)-N(3)
O(1¥Eu(1)-N(5)
O(WYEu(1)-N(5)

Eu(1y0(1)
Eu(B0(7)

O(HyEu(1)-N(4)
O(AEu(1)-N(4)
O(8YEu(1)-N(4)
O(4YEu(1)-N(4)
N(1}Eu(1)-N(4)
O(2yEu(1)-N(3)
O(5)rEu(1)-N(3)
O(1FEu(1)-N(3)
O(PEu(1)-N(3)

Gd(1¥0(1)
Gd(1}0(5)

Th(1)O(5)
Th(1-0(2)

1.328(4)
1.369(4)
1.297(4)
1.394(4)
1.344(4)
1.390(4)
1.41(3)
1.453(18)

119.7(4)
123.5(4)
118.1(4)
118.3(4)
112.1(3)
109.1(4)
125.9(4)
124.9(4)
132.8(4)
121.6(4)

2.336(8)
2.520(8)

82.4(3)
84.4(2)
176.1(2)
88.3(3)
96.8(3)

2.200(8)
2.440(9)

2.389(3)
2.423(5)

153.65(14)
88.16(16)
75.67(15)
90.26(16)
76.74(15)
124.39(14)

2.562(5)
2.564(4)
115.32(18)
76.11(17)
73.48(18)
170.17(17)
101.72(17)
74.56(19)
116.78(19)
75.75(18)
145.68(18)

2.559(5)
2.559(5)

2.488(9)
2.488(8)

HoL 1‘(N03)2

N(6)-C(9)
N(6)-C(1)
N(6YC(17)
C(1C(2)
C(3rC(4)
C(3yC(8)
C(4yC(5)
C(5rC(6)

N(1yC(3)-C(8)
C(3)C(4)-C(5)
C(4rC(5)-C(6)
C(7yC(6)-C(5)
C(6yC(7)-C(8)
N(2)-C(8)-C(7)
N(2)}-C(8)-C(3)
C(7¥C(8)-C(3)
N(6)-C(9)—C(10)
N(3)-C(10)-N(4)
Pr3tA
Pr(LyN(3)
Pr(1rN(5)

O(3)-Pr(1)-N(5)
O(2yPr(1)-N(5)
O(1Pr(1)-N(5)
N(L}-Pr(1)-N(5)
N(3}-Pr(1)-N(5)
Y3A
Y(13N(@3)
Y(1FN(5)

Eu*'B
Eu(1N(3)
Eu(1)N(5)

O(IWHEu(1)-N(5)
N(L-Eu(1)-N(5)
N(3}Eu(1)-N(5)
O(IFEu(1)-CI(1)

O(2Wy-Eu(1)-CI(1)
OIWEu(1)-CI(1)

Eus*C
Eu(1}0(8)
Eu(1}0(4)
O(5yEu(1)-0(7)
O(1Eu(1)-0(7)
O(2yEu(1)-0O(8)
O(5yEu(1)-0(8)
O(L}Eu(1)-0(8)
O(PEu(1)-0(8)
O(2)Eu(1)-0(4)
O(5yEu(1)-0O(4)
O(HEu(1)-0(4)

Gd3*C
Gd(10(8)
Gd(1y0(4)

Th#C
Th(1)}0(8)
Th(1)O(7)

1.442(4)
1.450(4)
1.475(4)
1.477(5)
1.370(5)
1.400(6)
1.378(5)
1.383(6)

105.6(4)
117.1(5)
121.6(5)
121.4(5)
117.6(5)
132.7(5)
106.6(4)
120.7(5)
111.3(3)
109.8(3)

2.542(8)
2.630(9)

82.0(3)
82.3(3)
167.6(3)
105.2(3)
100.3(3)

2.449(8)
2.561(11)

2.436(5)
2.548(5)

146.98(15)
67.69(16)
128.95(16)
90.47(10)
147.31(10)
76.93(9)

2.570(5)
2.581(5)
67.23(16)
74.07(16)
116.90(17)
70.28(17)
120.24(15)
49.74(15)
115.18(17)
48.97(17)
70.08(17)

2.565(5)
2.572(5)

2.500(8)
2.507(9)

C(6yC(7)
C(7¥C(8)
C(9)C(10)
C(11C(12)
C(11yC(16)
C(12yC(13)
C(13yC(14)
C(14YC(15)

N(3)-C(10)-C(9)
N(4)C(10)-C(9)

C(12yC(11)-C(16)

C(12¥C(11)-N(3)
C(16)C(11)-N(3)

C(11yC(12)-C(13)
C(14yC(13)-C(12)
C(15yC(14)-C(13)
C(14YC(15)-C(16)

C(11}C(16)-N(4)

Pr(13N(6)

O(3)-Pr(1)-N(6)
O(2)-Pr(1)-N(6)
O(1)-Pr(1)-N(6)
N(1)>-Pr(1)-N(6)
N(3}-Pr(1)-N(6)

Y(1)-N(6)

Eu(1¥N(6)
Eu(1)-CI(1)

N(1}Eu(1)-CI(1)
N(3)Eu(1)-CI(1)
N(5}Eu(1)-CI(1)
O(L}Eu(1)-N(6)
O(2Wy Eu(1)-N(6)
O(AWY-Eu(1)-N(6)

Eu(B¥N(1)
Eu(1¥N(4)

O(BEu(1)-0(4)
O(8yEu(1)-0(4)
O(2yEu(1)-N(1)
O(5YEu(1)-N(1)
O(HyEu(1)-N(1)
O(8YEu(1)-N(3)
O(4Eu(1)-N(@3)
N(1}Eu(1)-N(3)
N(4)-Eu(1)-N(3)

Gd(1¥N(1)
Gd(1¥N(3)

Th(1y¥N(1)
Th(1¥N(4)

1.372(6)
1.377(5)
1.489(5)
1.370(5)
1.384(5)
1.382(5)
1.373(5)
1.369(5)

124.9(4)
125.2(3)
121.9(4)
132.7(4)
105.4(4)
116.1(4)
122.5(4)
121.7(4)
116.4(4)
107.0(3)

2.770(8)

122.7(2)
121.1(2)
130.6(3)
64.2(3)
62.7(2)

2.678(8)

2.728(3)
2.7220(16)

139.02(11)
88.17(12)
81.87(12)
139.34(12)
130.40(14)
132.93(11)

2.618(6)
2.680(6)
113.66(16)
111.57(17)
163.97(18)
81.09(17)
142.96(17)
163.82(17)
69.85(18)
97.31(19)
102.88(19)

2.622(6)
2.682(6)

2.581(10)
2.648(9)

C(15)C(16)
C(17rC(18)
C(18YC(19)
C(19)C(20)
C(20yC(21)
C(2BC(22)

C(11C(16)-C(15)

N(4) C(16)-C(15)
N(6)-C(17)-C(18)
C(19C(18)-N(5)

C(19¥C(18)-C(17)

N(5}C(18)-C(17)

C(18)C(19)-C(20)
C(21C(20)-C(19)
C(20yC(21)-C(22)

C(21¥C(22)-N(5)

N(5)-Pr(1)-N(6)

N(1}Eu(1)-N(6)
N(3)Eu(1)-N(6)
N(5)-Eu(1)-N(6)
CI(L}Eu(1)-N(6)

Eu(1}N(3)
Eu(1)¥N(5)

O(2YEu(1)-N(5)
O(5)yEu(1)-N(5)
O(HEu(1)-N(5)
O(7Eu(1)-N(5)
O(8YEu(1)-N(5)
O(4yEu(1)-N(5)
N(1}Eu(1)-N(5)
N(4¥-Eu(1)-N(5)
N(3}Eu(1)-N(5)

GA(1¥N()
Gd(1}N(5)

Th(1)N(3)
Th(L¥N(5)

1.393(5)
1.522(5)
1.367(17)
1.44(3)
1.28(4)
1.30(3)

121.4(4)
131.6(4)
117.4(3)
125.9(11)
117.3(10)
115.0(9)
105.8(18)
130(2)
117.9(18)
118(2)

61.7(3)

65.93(13)
65.47(14)
63.51(14)
76.34(9)

2.682(6)
2.718(5)
100.60(18)
143.07(17)
134.33(18)
137.08(15)
103.44(16)
107.28(16)
63.43(18)
62.96(17)
61.81(18)

2.717(6)
2.717(6)

2.638(10)
2.662(8)

between the average ENimine (i.€., 2.660 A forEu3*C)
and Ln—Namine (i.€., 2.718 A forEu3*C) distances is not as
much as in theA and B complexes, showing the subtle
difference of coordination formed betweef &nd L2. The
structures of theC complexes are similar to those of their
analogous 10-coordinate complexes Enbut taking into
account the difference in ionic radii, the average—M

atom as donors. Selected bond lengths and angles are givedistances of th€ complexes (i.e., 2.675 A fdEu3*C) are

in Table 3. Like the Lnk complexeg? in the A and B
complexes, the average ENimine distances (i.e., 2.564 A
for Pr3tA and 2.469 A forEu3*B) are significantly shorter
than Ln—Naminedistances (i.e., 2.770 A far3*A and 2.728
A for Eu®*'B). But in the C complexes, the difference

longer than those of LriL(i.e., 2.623 A for Sm), indicating
that replacement of one benzimidazole by pyridine decreases
the cavity size of the tripodal ligancfland prevents a closer
approach of the L. A similar phenomenon was reported
for the substituted bis(benzimidazolyl)pyridine ligariis.
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Table 4. 'H NMR Data for the Ligand £ and Complexe4a3tA andLa®"C in CDsCN?

6H10 éHl 6H3,4 éHS 6H6 (SHZ,S 6H7 6H9
Lt 3.91 (s) 4.03 (s) 7.20 (m) 7.25 (1) 7.48 (d) 7.59 (m) 7.69 (t) 8.61 (d)
L2 4.24(s) 4.52(s) 7.23 (m) 7.27 (dd) 7.46 (d) 7.58 (m) 7.75 (1) 8.56 (d)
La%A 3.72(s) 3.90 (d), 3.94(d) 7.18 (m) 6.57 (dd) 7.07 (d) 7.45 (m) 7.44 (m) 7.70 (m)
La%C 4.16 (d), 4.26(d) 4.18(s) 7.29 (m) 7.44 (m) 7.46 (d) (7.51 (m), 7.90 (m)) 7.92 (m) 8.70 (d)

a Abbreviations: m, multiplet; s, singlet; d, double; t, triplet.

Figure 4. Crystal structure oEus'B.

Figure 3. Crystal structure ofPr3*A. (Y3*A is isostructural and
isomorphous.)

Meanwhile, it is noteworthy that, for all complexes, the-Ln
N(bzim) distances are shorter than theIM(py) distances,
especially for the complexes of by ca. 0.1 A on average,
indicating that the benzimidazolyl group is favorable to be
close to the metal ion and shows a strongetonor than
the pyridyl group, which is in agreement with the known
pKa values of 2-benzimidazolylmethyl (6.2) and pyridine
(5.2)3 This has important consequences for the lumines-
cence characteristics of these complexes (see later).
The average LrO (nitrate) distances in thé complexes
are within standard values (i.e., 2.564 A #u3"C), com-
parable to those in the tripodal analogue LifiLe., 2.534 A
for Sm) and [Ln(ntb)(N@)s]-H.0 (Ce-0 2.597 A, E-O Figure 5. 2D layer generated by the intermolecufdiz interactions and
2.473 A)1922taking into account the difference in ionic radii. hydrogen bonds &+H-N (O) in Eu*'B.

As previously reported, the tripodal ligand &lso exhibits 2t Lo .
two kinds of configurations in these complexes. In the NMR of La™A (see later). However, IEU™B, with the

complexes, with the three heterocyclic rings deflecting to pyridyl -ring deﬂt_acting to .the- qpposite directioq to the t\.NO
the same direction and apart from each other at similar ben2|rn!dazolyl fings apd inclining to the t.)enzmdazolyl'rmg
distances (Figure 3), the ligand khows a fanlike config- ~ containing N(3), the ligand Lshows a pincer-like config-
uration22 The distances between the centroids of the three uration?? so the centroid-to-centroid distances of the three
rings (i.e., 6.832, 6.910, and 7.547 A fBr3*tA) and the rings (3.961, 7.283, and 7.945 A) and Fh%“N*Ln_N‘m‘”e
angles Nnine—Ln—Nimine (i-€., 96.8, 100.3, and 105.2 for angles (67.7, 90.3, and 128.9) are quite different from
: e N

Pr3+A) are similar. Three antipyrine molecules are also apart €a¢h c;tzher (Figure 4). Similar to complexes [L6ls-
from each other at similar distances. Every benzyl ring (H20)],* weak intramolecularz(lz stacking interaction
inclines parallel to one of the three heterocyclic rings bf L €Xists iNEU®B, with a center-to-center distance between
(average center-to-center distance 3.789 A and averagéhe pyndly] ring and the adjacent ben2|m|da;olyl ring of 3.96
dihedral angle 48for Pr3*A), resulting in intramolecule A and a dihedral angle of 2¢8In the meantime, as shown
n—x stacking interactions that consequently affect #He ~ In Figure 5, two kinds of weak intermolecular-x stacking
interactions of benzimidazole{® —benzimidazole(hkg) and
(30) fgggugé 813 4Béluzli, J.-C. G.; Schenk, K. J.; Piguet, Giorg. Chem benzimidazole(Bk)—pyridine(Nsaa) are found between two
(31) Robert, C. WHandbook of Chemistry and Physicehe Chemical neighboring m°'eCU_"eS- with center-to-center distances of

Rubber Co.: 1969; Vol. 50, p 115. 3.74 and 3.89 A (dihedral angles 9.nd 13.4), respec-
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Lanthanide Complexes with Tripodal Ligands

Figure 6. Crystal structure oEus™C. (TheGd3*C andTh3"C complexes
are isostructural and isomorphous.)

tively, together with two kinds of hydrogen bondings of
Cls-*H—N (C|2B"°NABB 3.141 A) and CF-H-O (CIZB"'01WB

2,5 1 10

77—
85 80 75 70 ppm 40 38

Figure 7. H NMR spectra of the thea3"C (a) andGd3*A (b) complexes
in CD:CN at 298 K.

3.039 A), forming a two-dimensional layer. Comparison of field as compared to those of free?LHowever, the

the structures of these complexes é&hows that adaptation

heterocyclic proton resonances of in La3"A oppositely

of the more steric pincer-like configuration favors intra- and gt to higher field as compared to those of frek This

intermolecularr—sm stacking interaction, which in return
stabilizes this kind of configuratioff.In the C complexes,
the tripodal ligand B exhibits the same fanlike configuration

as in theA complexes, with similar distances between the
centroids of the three rings (i.e., 6.188, 6.705, and 6.897 A

for Eu®"C) and Nmine-LN—Nimine angles (i.e., 973 101.7,
and 102.9 for Eu*C) (Figure 6).

The IR spectra show that, for all complexes, the low-

energy absorption band of<€N stretching for the tripodal
ligand blue shifts to about 1606 chas compared to its

can be explained by the difference between their structures.
As shown in the crystal structures of thecomplexes (Figure
3), since three benzol rings of antipyrine molecules incline
parallel to the heterocyclic rings of!L all heterocyclic
hydrogens of Llie in the antimagnetic section of the benzol
rings, so their resonances shift to higher field. This kind of
higher field shift has been discussed by Aoki's gréuip.

It is interesting that, in compleka®tA (or La3"C), two
H1° (or HY) protons of ! (or L?) exhibit a singlet as free
ligand; however, another twoHor H'9 protons of Lt (or

counterpart for the free ligand, showing the coordination of | 2) show an “AB” quartet, with an intensity rato of,A0 B,

the tripodal ligand? For theA andB complexes, the intense
absorption bands of €0 appear in the range 1623632

of 0.26 (or 0.56), which is comparable to the calculated data,
0.24 (or 0.53). In solution, rapid inversion of the central

cm-*, which red shift compared to those of free antipyrine amino nitrogen atom of the free ligand (or L?) leads to

(1665 cn11),2 showing the coordination of antipyrine. For
the A complexes, the CIg anions show the two vibrations
typical of ionic perchlorate (1095 and 625 cHy and for

an averageC,, symmetry. In this case, we expect only
enantiotopic methylene protons. Thus, thé (dr HY) protons
show only one singlet. Upon coordination, the inversion of

the C complexes, two intense absorptions associated with the capping nitrogen atom is blocked by complexation and

the asymmetric stretching of NO appear in the ranges
1294-1301 {4) and 1466-1475 ¢1) cm%, clearly establish-
ing that the N@~ groups (,,) are bidentate coordinatédl.
H NMR and Conductivity Studies in Solution. TheH

NMR spectra of the free ligand?Land the diamagnetic
lanthanum(lll) complexeka®*A andLa®*"C were measured
in CDsCN. The chemical shift data are given in Table 4.
The chemical shift data of the free ligand have been

the averageCs symmetry is restored, thus leading to the
expected singlet for the ¥ (or H') protons and AB quartet
for the H! (or H'9) protons of the ligand L(or L?). As shown

in crystal structures of thé& (or C) complexes (Figures 3
and 6), there is an approximate (noncrystallographic) plane
of symmetry passing through the arm including kbr H)

of the ligand Lt (or L?),%¢ so two H° (or HY) protons have
the same chemical environments and show a singlet. In

reported before and are shown here for comparison with contrast the chemical environments between twédd H9)

those ofLa®*A. The'H NMR spectra of the complexes are

protons is somewhat different and shows an “AB” quartet.

shown in Figure 7. Upon coordination with metal ion, the The 'H NMR of the A and C complexes show that the

heterocyclic proton resonances dfih La3"C shift to lower

(32) Thompson, L. K.; Ramaswamy, B. S.; Seymour, ECAn. J. Chem.
1997, 55, 880.

(33) Standard Infrared Grating Spectr&/ols. 9 and 10, p 8399.

(34) Carnall, W. T.; Siegel, S.; Ferrano, J. K.; Tani, B.; Geberinbrg.
Chem.1973 12, 560.

tripodal ligands have similar configuration in the solution
and solid states. It is well-known that, for this kind of half-

(35) Murayama, K.; Aoki, KChem. Commuril998 607.

(36) Reeves, Z. R.; V. Mann, K. L.; Jeffery, J. C.; Cleverty, J. A. M.;
Ward, M. D.; Barigelletti, F.; Armaroii, NJ. Chem. Soc., Dalton
Trans.1999 349.
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hard tripodal ligand, keeping a rigid conformation with the
central ion is favorable to designing a luminescent lanthanide
complex’

Seeking to know more about the complexes in different
solvents, we measured the conductivities of Biand C
complexes in CBOH and CHCN (Table 1). In CHOH,
the molar conductivities for thB and C complexes lie in
the ranges 300360 and 186-230 Scn?mol1, respectively,
indicating that theB and C complexes are 3:1 and 2:1
electrolytes’” Meanwhile, we measured the conductivities
of complexesDy*'B and Sm*"C in the range 1x 1073 to
1 x 10°®M. For strong electrolytes\e = A, — BGy/2,3840
in which A is the equivalent conductivityA, is the
equivalent conductivity at infinite dilution, an@q is the
equivalent concentration. For the comp@y®'B, a plot of
Ao — Ae Vs Cei? gave an experimental slope of 95392
S:LY 2equiv¥2 This value compared favorably to the
theoretical slope 889-8Y 2equiv 2 determined from the
Kohlraush and Onsager equations for a 3:1 electréfyte.
Similarly, complexSm**C gave an experimental slope of
692 4+ 76 SLY?equiv 2, which compared favorably with
the theoretical slope 6181S” >equiv “?for a 2:1 electrolyte.
The above data suggest that for tBe complexes, the
coordinated Cl dissociates from the metal ion. And for the
C complexes, two nitrates are replaced fymethanol
molecules, forming [LNE(NO3z)(CH3;OH),](NOs),. For steric
reasons, it is unlikely that the two nitrates would be replaced
by four methanol molecules for thé complexes, and the
value ofq is determined from its luminescence studies (see
later).

In CH;CN, the molar conductivities of thB complexes
lie in the region 176-210 Q! cn? mol ™%, indicating that
all complexes are 2:1 electrolytes with the coordination of
CI~ remaining constant. For th€ complexes, the molar
conductivities in CHCN are about 100 times smaller than
in methanol, indicating the complexes remain intact and
therefore neutral.

The results ofH NMR and conductivity measurements
show that, in the moderately polar @EN, the complexes
remain intact and, in C¥OH, the anions dissociate, although
the tripodal ligand still coordinates. It is seen that there is
likely competition between the solvent and the ligand for
the lanthanide ion, and a similar phenomenon was found in
the complexes of heptadentateQ¥ Schiff base and some
similar tripodal ligandg3.18.22

Luminescence Properties of the Complexes'he pho-
tophysical properties of free ligand!land its nitrate-
coordinated complexes LAlLn = Eu, Tb) at 298 K have
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Figure 8. (a) Absorption spectra of the ligand (—) and antipyrine (---)
in CDsCN. (b) Excitation (monitored at 465 nm) and emission spectra of

antipyrine in CHCN at 298 K. The peaks marked with an asterisk are due
to scattering.

T
300

in the absorption and luminescence spectra. The absorption
spectra of free §, Tb3*C, andEu®*A in CH;CN are shown

in Figure 9a. Free Lexhibits absorption bands at 213, 251,
276, and 281 nm, which are strongly perturbed upon
coordination to LA™ in the C complexes, implying coordina-
tion of the ligand* All A, B, and C complexes display
almost identical spectral profiles, and theandB complexes

also display the absorption bands of antipyrine, which overlap
with those of L.

Free tripodal ligands Land L? exhibit an intense, short-
lived UV fluorescence in CECN solution, which, in a rigid
matrix at 77 K, is accompanied by a strong, long-lived, and
structured phosphorescence band (Table 5). These emissions

been reported before and are included here in the discussion, o e 1o the deactivation of the lowest electronic singlet

for comparison purposes (Figure 8). The photophysical
properties of G&'L* are reported here for the first time.
All complexes can be dissolved in GEIN and are

and triplet states. GdLand Gd®"C complexes display a
ligand-centered (LC) fluorescence both at room temperature
and at 77 K, and LC phosphorescence at 77 K only (Table

thermally stable in solvent, as shown by the lack of changes 5, Figure 10). This is an expected result since the metal-

(37) Geary, W. JCoord. Chem. Re 1971, 7, 81.

(38) Feltham, R. D.; Hayter, R. G. Chem. Soc1964 4587.

(39) Boggess, R. K.; Zatko, D. Al. Chem. Educl975 52, 649.

(40) Rillema, D. P.; Callahan, R. W.; Mack K. Borg. Chem 1982 21,
2589.
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centered (MC) electronic levels of &d(>31000 cn?) are
typically well above the ligand-centered electronic levels of

(41) Piguet, C.; Williams, A. F.; Bernardinelli, G.; Moret, E.;"&ali, J.-
C. G.Help. Chim. Actal992 75, 1697.
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Figure 10. Emission spectra aBd3*C (---) in a CHCN rigid matrix at
) 3 77 K andTb3"C (—) andEu3*C (— -+ —) in CHsCN at 298 K.
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Figure 9. (a) Absorption spectra of the ligand (—), Tb3*C (— - —-), 0.000 0.002 0.004 0.006 0.008 0.010
andEu3*A (---) in CHsCN. (b) Excitation spectra &u3*A (—, monitored Time (s)

t 61 SFA (- it t 54 i N at 298 K.
at 613 nm) andrb (-, monitored at 543 nm) in CHEN at 298 Figure 11. Decay curves of complexeSustA (O) and Th3*A (@) in

Table 5. Luminescence Properties of the Ligands and Their Gd(lll) CHsCN.

Complexes in CHCN in 298 and 77 K

centered excited triplet statéLC) is estimated to be about

1 3| .
LC? (298K LC2 (7 K) 23600 and 23800 cm, respectively, and these values can
Amax © (ns) Pem Amax T (ms) be taken also for the Btiand T+ analogue344 In the
IC_EldLl ggg’ ?ﬁ %%51% ‘Za% 962 . Gd**A andGd*'B complexes, since the emission peaks of
: . . 1 . o
L2 351 57 0.170 453 850 L over_lap with those of antipyrine, theC state car?not_ be
GdL2 367 0.8 0.015 462 5.1 determined as for the above two complexes. But in view of

all C and3LC are the lowest spin-allowed and the lowest spin-forbidden the similar coordination of Lin these complexes, it can be

ligand-centereds — x*) excited states, respectivelyData taken from estimated by that of GdL! (see later).
ref 22 and included for comparison purposes. For all TB** and Ed* complexes, the typical narrow

o L
aromatic ligand4? Therefore, ligand-to-metal energy transfer em|55|on.balnds of the'EJu and TH" ions can b.e detected
and the consequent MC luminescence cannot be observegdPon excitation of the ligand-centered absorption band, and

The lower fluorescence quantum yield and the shorter the Iigand-centfared luminescence is completely suppressed,
phosphorescence lifetime exhibited by the GdhdGd3*C showing that ligand-to-metal energy transfer takes place
complexes compared to freé &nd L2, respectively, indicate efficiently (Figure 10). The at;forptmn and e>_<C|tat|on (moni-
that the heavy ion facilitates intersystem crossing processestoreci at 613 nm) spectra &u™"A are shown in parts a and

In the meantime, from the highest energy vibrational feature b'. respectiv_ely_, of Figure 9. Thg absorpti_op bands coinc;ide
of the phosphorescence bands of the"&d and Gd*C with the excitation bands, revealing the origin of the physical

complexes, the zerezero energy of the lowest “gand' (43) Martin, N.; Binzli, J.-C. G.; McKee, V.; Piguet, C.; Bernardinelli,

C.; Hopfgartner, Glnorg. Chem.1998 37, 577.

(42) Reisfeld, R.; Jorgensen, C. Kasers and Excited States of Rare Earths ~ (44) Elhabiri, M.; Scopelliti, R.; Bozli; J.-C. G.; Piguet; CJ. Am. Chem.
Springer: Berlin, 1977. Soc 1999 121, 10747.
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Table 6. Quantum Yields @gr), Luminescence Lifetimer], and states of the ©H oscillators, efficient nonradiative deactiva-
Derived Solvation Valuesgf for the Eu(lll) and Tb(lll) Complexes tions take place in the lanthanide active sf‘étUsing the
7% (ms) emission lifetimes of th& complexes in CECN before and

®enP  CH3CNY  CHsCNe  CH3zOHe CD;ODe  q(CH3OH) after addition of a few drops of f that will exchange with
Eullc 0031 0.73 0.36 0.81 32 the water . moleculg, the number of coordinated water
TbL+1° 0.380 1.14 0.95 1.57 35 molecules is determined.The values of 0.9 foEu®*B and
Et)‘;ﬁ 0080 1o 99T 0B 093 TO° 0.8 for Th3*B suggest one water molecule is coordinated in
EE'B 0016 095 0.50 0.33 0.64 31 CHsCN, in good agreement with the crystallographic analy-
TkLJ;B 0210 127 1.23 0.65 0.87 33 ses. MeanwhileTb3"A andEu®tA have the longest lifetime
EB®'C 0190 1.02 0.67 0.30 0.58 3.4 ; Al ; :
oG 0273 125 1.30 0.78 115 35 and highest quantum yield in the respective series &f Th

_ _ _ o and Ed* complexes. As shown in the crystal structures and
(SDi'\ﬁ?f;‘ggrfg‘: T'&f‘g;‘;i%‘;”ieg‘éelz"b‘gi?_ Lh&e';‘gj:eg‘tiﬁ”ézce,\r‘";%g band e mjission spectra of tha complexes, three big antipyrine
K. ¢ Data taken from ref 22 Measured at 77 K¢ Measured at 298 K. molecules not only prevent water molecules from entering
the coordination sphere but also efficiently transfer energy
process measured. Meanwhile, the complete quench of theto metal and thus increase the lanthanide luminescence.
luminescence of antipyrine (at 465 nm, Figure 8b) forAhe In every series of complexes, the3flcomplexes have a
andB complexes shows that in solution antipyrine molecules |onger lifetime and higher quantum than the®Eaomplexes,
remain coordinated and efficiently transfer energy to lan- regardless of the solvent. As shown by Reinhoudt and Latva
thanide ions” The emission quantum yield and lifetime data et al.#8-5% for the E* and TB* complexes, théLC state
in different solvents are reported in Table 6. The linear fit must be 3500 crmi above the LA™ excited state to ensure
analysis of the experimental data shows the decay isefficient energy transfer. On the other hand, efficient back-
monoexponential for all Ed and TE* complexes (Figure  transfer takes place in the Thcomplexes wheAE(CLC—
10). It shows that in contrast to tiecomplexes, th& and 5D,4) < 1850 cntl. For the TB*L! and Th3*C complexes,
C complexes show considerably shorter lifetimes of the the energy gap between the luminescidg level (20400
metal-centered emissions in methanol than in;CN. As cm™Y) and the’LC level (23600 cm® for Th3*L* and 23800
studied by'H NMR and conductivity measurements, tBe  cmfor Th3*C; see above) is larger than 3200 ¢inso the
andC complexes are stable in GEN, so that solvent-based  back-energy-transfer process to #e€ state is negligible
quenching is restricted to outer-sphere effects. However, in and these complexes show better emission. AlthoughLtBe
CH30H, one chloride dissociates for tiiecomplexes and  |evel of Tb3*A and Tb3*B cannot be directly confirmed,
two nitrates dissociate for th€ complexes. At the same  considering the similar coordination of lin GA**L?, it is
time, methanol molecules, which can efficiently quench established that the thermally activated back-energy-transfer
lanthanide luminescence, enter the coordination sphere. Theprocess can also be negligible in these two complexes.
number of coordinated methanol moleculgsds determined  Meanwhile, this is confirmed by the fact that the lumines-
by the Horrocks equation is given in Table’ &Vith the cence lifetimes for the ™% complexes are similar at 77 and
results of the conductivity study (see above) and the error 298 K in CH;CN. This kind of back-energy-transfer process
in g (+0.5), the average values of 3.4 for tBecomplexes  in Tb*" complexes is not so significant in Eucomplexes,
and 3.5 for theC complexes suggest three methanol because the energy gap between the MC 1&gl(19000
molecules enter the coordination sphere and form [knL cm™1) and the®LC level is well above 4600 cm in every
(antipy)(CHOH)3]Cl3 and [LnLA(NO3)(CH3;OH)3][NO3]2, case. In Table 6, the lifetime of the Eucomplexes at 77 K
respectively. In the former two waters are replaced by two is much longer than that at 298 K in GEN, indicating the
methanol molecules. A similar phenomenon was reported thermal transfer of the ligand excitation energy to the low-
for LnL* complexes in which [LnE(NO3)(CH;OH)3][NO3]. lying ligand-to-metal charge-transfer (LMCT) excited stte,
was formed in methandf. For theA complexes, the small  which decreases the lanthanide luminescence. As shown in
change in lifetimes in CBOH and CROD indicates that  crystallographic results, the benzimidazole nitrogen atom has
the complexes are stable and no solvent molecule enters theyetter donating properties than the pyridine nitrogen atom
coordination sphere. The ability for antipyrine to stabilize and the ligand Lcan approach closer to the central ion. So
the structures of the complexes and keep the solventthis undesired radiationless pathway will be favored fér L
molecules out of the ion coordination sphere is favorable to relative to 12,4251 and for the similar 10-coordinated lan-
increasing the luminescence of the complek®s. thanide complexeBu3*C and EG*L?, the former has higher
Although with the same ligand?and antipyrine, the\
complexes have considerably longer lifetimes and higher (47) Reeves, z. R.; Mann, K. L. V.; Jeffery, J. C.; Cleverty, J. A. M.;
quantum yields than thB complexes. this is evident from ward, 1'\2’-990-5 Darigellett, F.; Armaroil, NJ. Chem. Soc., Dalton
the fact that the coordinated water molecule in the latter 4g) Steemers, F. J.. Verboom, W.: Reinhoudt, D. N.: Vandertol, E. B.:

partially quench the luminescence and decrease the values  Verhoeven, J. WJ. Am. Chem. S0d995 117, 9408. _
(49) Latva, M.; Takalo, H.; Mukkala, V. M.; Matachescu, C.; Rodriguez-

of T and®. Through vibronic coupling with the vibrational Ubis, 3.-C.: Kankare, d. Luminesc1997 75, 149,
(50) Petoud, S.; Glanzmann, T.;"&ali, J.-C. G.; Piguet, C.; Qin, X.;
(45) Piguet, C.; Hopfgartner, G.; Williams, A. F.;"'Bzii, J.-C. G.Chem. Thummel, R. PJ. Luminesc1999 82, 69.
Commun 1995 491. (51) Aime, S.; Botta, M.; Fasano, M.; Terreno, Enem. Soc. Re 1998
(46) Horrocks, W. D.; Sudnick, D. RAcc. Chem. Red.981, 14, 384. 27, 19.
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luminescence quantum vyield than the latter (Table 6). On complexes the lifetimes of metal-centered emission in
the other hand, as the reduction potential o#'TE-3.5 V) methanol are considerably shorter than in ;CN. A
is much higher than that of Eti (—0.35 V)?? this kind of conductivity study in methanol and comparison of the
nonradiative deactivation pathway is not relevant foPTb  emission lifetimes of the Eti and T complexes in Cht

complexes. OH and CROD suggest the formation of [Lri{antipy)(CHs-
_ OH)]Cl5 and [LnL*(NOs)(CH3;OH)3][NO3],, respectively.
Conclusions Since the high-lying electronit.C levels are present in the

Tb®*" complexes, the nonradiative back-energy-transfer pro-
cess between metal- and ligand-centered electronic levels is
ineffective, while the thermally activated energy transfer from
the initially generatedLC excited state to an LMCT excited
state in E&" complexes limits the efficiency of ligand-to-
metal energy transfer and thereby lowers the luminescence
output of these complexes. These results clearly show a wide
range of ways for tuning the luminescence properties of
lanthanide complexes.

Three series of lanthanide(lll) complexes have been
prepared using two similar tripodal ligands bearing benz-
imidazole and pyridine groups, and six complexes have been
structurally characterized. The anions{@hd CIQ™) have
a substantial effect on the structures of theand B com-
plexes. In the former, the central metal ions are completely
encapsulated by chromophoric ligands (onfeand three
antipyrine molecules) and show good luminescence character
However, there are two water molecules coordinated to the
central ion in the latter, resulting in the decrease of the Acknowledgment. Financial support from the National
emission quantum yield and lifetime values. Natural Science Foundation of China, the State Key Labora-

These complexes exhibit varied luminescence properties,tory of Rare Earth Materials Chemistry and Applications of
which can be rationalized on the basis of structural, Peking University, the Hong Kong Baptist University (Grant
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complexes, the complete suppression of the ligand-centeredCouncil is greatly appreciated.
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