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Lanthanide complexes with linear and cyclic octadentate oligopyridine-amine ligands were synthesized, and their
molecular structures were determined by single-crystal X-ray crystallography. All of the complexes had a distorted cap-
ped square antiprism (CSAP) geometry, and the coordination environments of lanthanide complexes were more distorted
for the complexes with the linear ligand than those with the cyclic ligand. The Eu’* and Tb** complexes showed intense
luminescence due to energy transfer from the ligand to the metal center (antenna effect). The Eu** complexes with the
linear ligand showed more intense emissions, which were attributed to the 5Dy — "F, transition, than the complex with
the cyclic ligand in acetonitrile, which can be attributed to the distortion in the coordination environments. In contrast,
the coordination of water molecules to Eu’* and Tb*" ions was strongly prevented because the metal ions were sur-
rounded by the cyclic ligand, resulting in intense luminescence in water. These results indicate that the coordination en-
vironments of lanthanide complexes, and thus the luminescence properties, can be controlled by tuning the geometrical
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structures of polydentate ligands.

In the last two decades, there has been rapid growth in the
field of the coordination chemistry of lanthanides; in particu-
lar, luminescent lanthanide complexes have attracted much at-
tention with regard to a variety of optical applications, includ-
ing as chromophores for LEDs (light-emitting diodes) and as
biological labels and sensors.'~® Lanthanide ions have intrigu-
ing luminescence properties, including millisecond lifetimes
and sharp emission bands, and the excitation of the ions by
energy transfer from organic ligands causes more intense lumi-
nescence (antenna effect) than the direct excitation of f—f tran-
sition bands because their molar decadic absorption coeffi-
cients (€)° are extremely low. To achieve this antenna effect
more effectively, ligands must contain a transition band with
a large € that will populate the excited states.!%!3

The luminescence from f—f transitions is affected by the
symmetry around a lanthanide ion.'"'416 In the Judd-Ofelt
theory, the symmetry determines the radiative transition prob-
abilities.!”"!8 There has been some research on the control of
this symmetry to improve luminescence properties based on
this theory. Tanabe et al. have reported that the luminescence
properties of lanthanide ions improve when they are used to
dope asymmetric glasses.'® Ziessel et al. have reported that
the quantum yields of lanthanide complexes change according
to the counter ion, which induces a change in the structures of
the complexes.?’

In order to use lanthanide complexes as biological labels
and sensors, it is important that they exhibit intense lumines-
cence in water. A general strategy is to synthesize ligands that
encapsulate the lanthanide ion completely to prevent the coor-
dination of water molecules that would quench the lumines-

cence.>!%12 For example, cryptand-type ligand containing
three 2,2’-bipyridine units creates the cavity, in which the lan-
thanide ion resides ([LnCbpy. bpy. bpy]**) and which protects
it against the coordination of water molecules.?!'~23

We have contemplated controlling the coordination environ-
ments of lanthanide complexes using octadentate oligopyri-
dine-amine ligands based on a linear or cyclic backbone struc-
ture (see Scheme 1). The rigid ligand 1 with a cyclic backbone
structure should coordinate more symmetrically than the flex-
ible ligand 2 with a linear backbone structure. Ligand 3 was
expected to coordinate less symmetrically than 2, because
the complex with 3 forms two six-membered rings between
the lanthanide ion and the backbone structure. In this paper,
we report the syntheses, structures, and luminescence proper-
ties of lanthanide complexes with a linear or cyclic octadentate
oligopyridine-amine ligand. The effects of the coordination
environments of lanthanide complexes induced by the ligand
backbone structure on the luminescence properties of their
Eu’t and Tb3* complexes are described.

Results and Discussion

Syntheses. A cyclic oligopyridine-amine ligand combined
with Na™ and CI~ ions 4 was synthesized via the method re-
ported in the literature.”* The free ligand 1 was synthesized
from 4 by washing thoroughly with H,O to remove Na™ and
CI™ ions. Linear oligopyridine-amine ligands 2 and 3 were
newly synthesized in one step from 2-(chloromethyl)pyridine
hydrochloride and the corresponding amine in water by main-
taining the pH of the reaction mixture between 7 and 9. The
products were extracted with diethyl ether and then purified
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Scheme 1. Synthesis of octadentate oligopyridine-amine ligands and their lanthanide complexes. Conditions: (i) 2-(chloromethyl)-

pyridine, 4 mol dm~3 NaOH aq (dropwise), H,O, room tempe:

rature, pH 7-9; (ii) Ln(NO;3 )3 - 6H,0, CH;CN, reflux; (iii) Ln(OTf)3,

CH;CN, reflux; (iv) Ln(NO3);-6H,0, CH3CN, room temperature; (v) Ln(OTf);, CH3CN, room temperature.

via column chromatography using basic alumina and prepara-
tive HPLC with an ODS column.

Lanthanide complexes of 1 and 2 with triflate ions or a
chloride ion were obtained in moderate yields (54-75%) by
the reaction of Eu(OTf);, Tb(OTf)3;, and Nd(OTf); with one
equivalent of 1, 2, or 4 in acetonitrile. The Eu** and Tb**
complexes of 1 and 2 with nitrate ions were also prepared
using Eu(NO;3); and Tb(NOs3);, respectively, as a starting
material. Elemental analysis, single-crystal X-ray structural
analysis, and IR spectra of the products indicate that all the
lanthanide complexes have the same formula [Ln1CI](OTf),,
(Ln1(OTH](OTH),, [Ln2(OTH](OTE),, or [Ln1(NO3)I(NO3),,
where the lanthanide metal is coordinated by eight nitrogen
atoms of 1 or 2 and a chlorine atom or an oxygen atom (vide
infra). The crystal structures of lanthanide complexes of 2 with
nitrate ions have not been determined, but the NO stretching
vibrations in the IR spectra gave information on the coordina-
tion of the nitrate ions, as the NO stretching vibration of free
NO appears at 1380cm™! and that of coordinating NO at
1470 and 1300 cm™!.2>26 A sharp peak appeared at 1384 cm™!
for free nitrate, and also two intense peaks at 1476 and 1300
cm™! for coordinating nitrate in the Eu complex of 2, indicat-
ing a structure of [Eu2(NO3)](NO3),, in which a nitrate ion
acts as an O-coordinating monodentate ligand like in [Eul-
(NO3)](NO3),.%” Similarly, the Tb complex of 2, which had

similar peaks (1384 cm™! for free nitrate and at 1482 and 1296
cm™! for a coordinating nitrate), is nine-coordinate and can be
written as [Tb2(NO3)](NO3), (Fig. S1 of Supporting Informa-
tion).

The Eu complexes of 3 with three triflate or nitrate ions
were also prepared in the same manner as that for the com-
plexes of 1 and 2 as noted above. Their crystal structures have
not been determined, but it is likely that they have a similar
nine-coordinate structure, [Eu3(OTf)](OTf), and [Eu3(NO3)]-
(NOs3),, based on the comparison of its IR spectra with those of
the complexes of 1 and 2.

Crystal Structures. Single crystals of [Nd1CI](OTf),,

[EulCl](OTf),, [Tbl1CI](OTf),, [Nd1(OTH](OTL),, [Eul-
(OTHI(OTH),, [Eul(NO3)J(NO3),, [La2(OTH)](OTH),, [Pr2-
(OTH](OTE),, [Nd2(OTH](OTS),, [Sm2(OTf)](OTf),, and

[Eu2(OTf)](OTf), were obtained by recrystallization from di-
chloromethane/ethyl acetate or from acetonitrile/diethyl ether,
and their structures were determined by X-ray structural anal-
ysis. Crystallographic data thus obtained are summarized in
Table 1.

Figure 1A displays an ORTEP drawing of [EulCIl](OTf),,
where Eu' is bound to eight nitrogen atoms of 1 and one chlo-
ride ion. Molecular structures of [Nd1Cl1](OTf), and [Tb1Cl]-
(OTf), are similar to the structure of [EulCl](OTf), (see
Figs. S2 and S3, Supporting Information). The geometry of
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Table 1. Crystallographic Data for the Lanthanide Complexes of Oligopyridine-Amine Ligands

2CH,Cl,

[Nd2(OTf)]- [Sm2(OTf)]- [Eu2(OTf)](OTH),-
(OTf),

(OTf),

[Pr2(OTY)]-

(OTf),
C37H3gFo-

[La2(OTH)](OTH), -

2CH,Cl,

[Eul(NO3)I(NOs), -

2MeCN

[Eul(OTf)](OTf), «

2MeCN

[Nd1(OTDH)](OTH), -
2MeCN.0.5Et,O
C41Hs, Fo-

[NdICI|(OTf); [EulCIJ(OTf), [Tb1CI[(OTf),

C39H42C14EL1F9-

C37H3Fo-
NgOgS3Sm NgOgS3

C37H38F-
NgNdOgS3

Ng OgPK‘Sj

C39 H42 Cl4 Fg La-

NgOyS3

1314.7

C36HysEuFo-
N30

C39HysEuFo-
N19O9S;3
1218.0

N9NdOg 5S3
1247.3

NgO6S,Tb
1029.2

C34H40 ClEuF(, - C34H40C1F6 -

N3O¢S,

C34H40ClIFs-
NgNdOgS,

1014.5

Formula

1156.3 1327.8

1150.2
monoclinic

1146.8
monoclinic
P2,

P2,

1127.8
monoclinic

P21/C

1022.3
orthorhombic

P22,2,

mol wt

monoclinic monoclinic
P2,
12.4563(19) 12.453(2)

P2,

monoclinic

P2,

orthorhombic

Pbna

orthorhombic

Pbcn

orthorhombic

P22,2

Crystal system orthorhombic

P22,2,

Space group

a/A

12.254(5)
11.843(5)
18.092(7)

90

12.4803(11)
11.7477(5)

12.129(5)
11.942(5)
18.174(1)

90

31.468(1)
10.876(4)
37.931(1)

90

13.372(2)
21.924(4)
33.927(6)

90
90
90

34.156(4)
13.370(2)
21.919(3)

90
90
90

8.346(2) 8.325(2)

8.414(5)
11.049(5)

21.470(5)
90
90
90

11.7230(11) 11.686(2)

11.113(1)

11.116(3)
21.206(5)
90
90
90

b/A

17.919(4)

90

17.975(2)
90

17.9642(13)

90

21.4630(7)

90
90
90

c/,&

o/deg
B/deg

102.656(3)

90

102.827(2)

90

102.8910(10) 103.425(2)

90

104.386(5)

90

113.619(5)

90

90

y/deg
V/A3

2544.3(8)

2

2553.8(18) 2559.3(6)
2

2567.4(3)

2

2549.9(17)

11894(6)

1985.7(6) 10010(2) 9946(3)
12

1967.2(8)

1996.0(16)

2

1.076 1.057 1.042

0.0660
0.2011

1.062
0.0914
0.2589

1.031

1.199
0.1551
0.37

1.13

1.081 1.106 1.232 1.116
0.0547
0.1361

GOF
R

0.0773
0.2033

0.0893
0.2564

0.0470
0.1185

0.1001
0.255

0.0618

0.1424
[ wAFS L= 12/ X wlFg P12 (> 20(D)).

0.1101
0.2647

0.0491

0.1356
a) Ry = ) |IFo| — IFell/ X |Fol (I > 20(1)). b) wR,

WR,
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nine-coordinate complexes predominantly involved a tricap-
ped trigonal prism (TTP) or capped square antiprism (CSAP).
The distinguishing features of these two geometries are the di-
hedral angle between trigonal faces (N1, N4, N5) and (N2, N3,
N7), which is 180° for idealized TTP and 163.5° for idealized
CSAP, and the dihedral angle between trigonal faces (N6, N7,
N5) and (N8, N7, N5), which is 26.4° for idealized TTP and
0° for idealized CSAP. For [Nd1Cl](OTf),, [EulCl](OTf),,
and [Tb1Cl](OTY),, the former angles were 166.2, 163.9, and
164.4°, and the latter ones were 0, 0.2, and 0.1° (Table 2), in-
dicating that the geometry for [Nd1Cl](OTf),, [EulCl](OTf),,
and [Tb1Cl1](OTf), is distorted CSAP.?3-3° Four pyridine nitro-
gen atoms (N1, N2, N3, and N4) form one basal plane, four
amine nitrogen atoms (N5, N6, N7, and N8) occupy the second
plane, and a chloride ion acts as a cap above the planes.

An ORTEP drawing of [Eul(OTf)](OTf), and [Eul(NOs3)]-
(NOs3), are shown in Figs. 1B and 1C, respectively, where the
coordination number of the Eu! center is also 9, with eight ni-
trogen atoms of 1 and one oxygen atom of a triflate or nitrate
ion as coordinating atoms. The molecular structure of [Nd1-
(OT1)](OTH), is similar to the structure of [Eul(OTf)](OTf),
(see Fig. S4, Supporting Information). The dihedral angle be-
tween (N1, N4, N5) and (N2, N3, N7) were 169.4, 168.9, and
169.1°, and that between (N6, N7, N5) and (N8, N7, N5) were
0.7, 0.9, and 0.1° for [Nd1(OTf)](OTf),, [Eul(OTL)](OTI),,
and [Eul(NO3)](NOs3),, respectively (Table 2), indicating that
the geometry was also distorted CSAP.?8-30 Similar to [Eul-
CI](OTY),, four pyridine nitrogen atoms and four amine nitro-
gen atoms formed two planes, and one oxygen atom of a tri-
flate or nitrate ion is capped above the planes.

The selected bond lengths and angles for [EulCl](OTf),,
[Eul(OTf)](OTf),, and [Eul(NO3)](NOj3), are summarized
in Table 3, and the Ln—-N bond lengths are shown in Fig. 2.
The Eu-N bond lengths for [EulC1](OTf),, [Eul(OT)](OTf),,
and [Eul(NO3)](NO3), were 2.596(6)-2.652(5), 2.591(8)-
2.646(8), and 2.568(14)-2.644(14) A, respectively, which
are typical values and are within a narrow range; the ranges
of the Eu-N bond lengths reported for the Eu complexes
with N-donor ligand(s) are 2.599(3)—2.658(3)1& for [Eu(p-
MOBA)sbipy]-1/2C,HsOH (p-MOBA = 4-methoxybenzene
and bipy = 2,2’-bipyridine), 2.593(3)—2.658(3)1& for [Eu-
(0-ABA);bipy]bipy (0-ABA = o-aminobenzoate), 2.616(5)-
2.625(5) A for [Eu(HFAA);bipy-H,0] (HFAA = hexafluoro-
acetylacetone), 2.540(5)-2.554(5) A for [Eu(bipy)2(NO3)s],
2.538(4)-2.574(4) A for [Eu(terpy)(NO3)3-H,0], 2.597(4)-
2.609(4) A for [Eu(ODA)phen-4H,0]Cl-5H,0 (ODA = oxy-
diacetate, phen = 1,10-phenanthroline), 2.572(9)—2.623(9)1&
for [Eu(m-BrBA);phen-H,0], (m-BrBA = m-bromobenzoate),
2.556(4)-2.624(4) A for [Eu,(SA)s(phen),]-6H,O and [Eu,-
(SA)4(phen),;(H,0)4](C104)3(phenH)-H,O (SA = succinam-
ate), 2.592(6) A for [Eu(DPAP);]-12H,0 (DPAP = 6-diphen-
ylcarbamoyl-2-pyridinecarboxylato), 2.579(9)—2.683(7)A for
Na[Eu(TETA)]-2H,0-4NaCl (TETA = 1,4,8,1 1-tetraazacyclo-
tetradecane-1,4,8,1 1-tetraacetate), 2.568(3)-2.649(3) A for [Eu-
(CH3CO2)2(C22H26N6)|(CH3CO,) - 9H,0, - 2.522(3)-2.730(3)
A for [Eu(tpa),](OTE)s, [Eu(tpa)(OT);(H;0),1; and [Eu(tpa)-
(u-OH)(OTf),], (tpa = tris(2-pyridylmethyl)amine) and
2.6757(16)-2.7085(17) A for [Eu(DBM)3;(TPTZ)](C3HcO)
(DBM = dibenzoylmethanate, TPTZ = 2,4,6-tri(2-pyrydyl)-
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Fig. 1.

ORTEP drawings of [EulCI](OTf), (A), [Eul(OTH)](OTf), (B), and [Eul(NO;)](NOs), (C) with 50% probability. H atoms,

solvent molecules, triflates and nitrates except for those that are coordinating have been omitted for clarity.

Table 2. Selected Dihedral Angles

Complex (N1, N4, N5)— (N6, N7, N5)-
(N2, N3, N7) (N8, N7, N5)
/deg /deg
Idealized TTP 180.0 26.4
[Nd1CI](OTf), 166.2 0.0
[EulCl](OTf), 163.9 0.2
[Tb1Cl](OTY), 164.4 0.1
[Nd1(OT)](OTf), 169.4 0.7
[Eul(OTY)](OT1), 168.9 0.9
[Eul(NO3)](NO3), 169.1 0.1
[La2(OTf)](OTH), 155.5 0.5
[Pr2(0T1)](OTY), 152.4 1.3
[Nd2(OTf)](OTf), 154.5 0.6
[Sm2(0Tf)](OTH), 151.9 14
[Eu2(OTN)](OTY), 152.4 1.1
Idealized CSAP 163.5 0.0

1,3,5-triazine).>'*> The N(pyridine)-Eu-N(pyridine) and the
N(amine)-Eu-N(amine) angles are within a narrow range
from 82.5(2) to 86.7(2)° and from 67.7(4) to 68.3(5)° for
[EulCl](OTY),, from 81.9(3) to 87.0(3)° and from 66.9(3) to
67.9(3)° for [Eul(OTf)](OTf), and from 82.7(4) to 84.6(3)°
and from 66.7(4) to 67.8(4)° for [Eul(NO3)](NO3),, respec-
tively. Consequently, all the Eu complexes of 1 are relatively
symmetrical and have a pseudo-Cy rotation axis.

An ORTEP drawing of [Eu2(OTf)](OTf), is shown in
Fig. 3. The molecular structures of [La2(OTf)](OTf),, [Pr2-
(OTH](OTY),, [Nd2(OTH)](OTf),, and [Sm2(OTS)](OTY), are
similar to the structure of [Eu2(OTf)](OTf), (see Figs. S5,
S6, S7, and S8, Supporting Information). The coordination
number of the Ln™ (Ln = La, Pr, Nd, Sm, and Eu) is 9; all

Table 3. Selected Bond Lengths (10\) and Angles (deg)
for [EulCl](OTf),, [Eul(OTf)](OTf),, and [Eul(NO3)]-
(NO3),

[EulCl]- [Eul(OTH]- [Eul(NO;)]-

(OTf), (OTf), (NO3),
Eu-N1 (pyridine) 2.626(6)  2.628(8) 2.570(13)
Eu-N2 (pyridine) 2.596(6)  2.599(8) 2.568(14)
Eu-N3 (pyridine) 2.626(6)  2.591(8) 2.590(14)
Eu-N4 (pyridine) 2.596(6)  2.597(8) 2.574(13)
Eu-N5 (amine) 2.652(6)  2.640(8) 2.641(14)
Eu-N6 (amine) 2.627(6)  2.646(8) 2.644(14)
Eu-N7 (amine) 2.652(6)  2.643(8) 2.641(14)
Eu-N8 (amine) 2.627(6)  2.617(8) 2.638(13)
Eu-X (X =Cland O) 2.725(2)  2.508(6) 2.430(12)
N1-Eu-N2 82.5(2) 82.2(3) 84.2(4)
N2-Eu-N3 86.7(2) 83.6(3) 82.7(4)
N3-Eu-N4 82.5(2) 81.9(3) 83.1(4)
N4—Eu-N1 86.7(2) 87.0(3) 84.6(4)
N5-Eu-N6 68.3(5) 66.9(3) 67.1(4)
N6-Eu-N7 67.7(4) 67.3(3) 66.7(4)
N7-Eu-N8 68.3(5) 67.6(3) 67.8(4)
N8-Eu-N35 67.7(4) 67.9(3) 67.1(4)

of the nitrogen atoms of 2 and one oxygen atom from a triflate
ion are coordinated. Values of the dihedral angle between (N1,
N4, N5) and (N2, N3, N7) were 155.5, 152.4, 154.5, 151.9, and
152.4°, and those of the dihedral angle between (N6, N7, N5)
and (N8, N7, N5) were 0.5, 1.3, 0.6, 1.4, and 1.1°, for the La,
Pr, Nd, Sm, and Eu complexes, respectively. These findings
indicate that the geometry of each complex is also distorted
CSAP (Table 2).%2-3° Four pyridine nitrogen atoms (N1, N2,
N3, and N4) form one basal plane, one pyridine nitrogen
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Fig. 2. Lanthanide(Ill) nitrogen bond lengths (A) vs f electronic configuration in [Ln1Cl](OTf), (Ln = Nd, Eu, and Tb) (A and E),
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Fig. 3. ORTEP drawing of [Eu2(OTf)](OTf), with 50%
probability. H atoms, solvent molecules, and triflates ex-
cept for those that are coordinating have been omitted
for clarity.

(N5) and three amine nitrogen atoms (N6, N7, N8) form the
second plane and an oxygen atom from the triflate ion acts
as a cap above the planes.

The Ln—-N bond lengths for [La2(OTf)](OTf),, [Pr2(OTf)]-
(OTf),, [Nd2(OTH](OTE),, [Sm2(0OT)](OTf),, and [Eu2-
(OTDH](OTH), are plotted against the number of f-electrons in
Fig. 2 (and Table S1 of Supporting Information). The bond
lengths decreased as the number of the f-electrons increased.
The decreases in the Ln—N8 bond length from La** to Pr3*,
from Lat to Sm®*, and from La*t to Eu®*t were 0.03, 0.07,
and 0.09 A, respectively, which are in agreement with the dif-
ferences in the ionic radii calculated from Shannon’s ionic rad-
ii for nona-coordinated ions.*?

Table 4. Selected Bond Lengths (1&) and Angles (deg) for
[Eu2(OTH)](OTf),

Eu-N1 (pyridine) ~ 2.630(11)  NI-Eu-N2  82.8(3)
Eu-N2 (pyridine) ~ 2.621(10)  N2-Eu-N3  78.8(3)
Eu-N3 (pyridine) ~ 2.509(11)  N3-Eu-N4  83.4(3)
Eu-N4 (pyridine) ~ 2.624(11)  N4-Eu-N1  97.6(3)
Eu-N5 (pyridine) ~ 2.774(10)  N5-Eu-N6  84.0(3)
Eu-N6 (amine) 2.633(11)  N6-Eu-N7  67.7(4)
Eu-N7 (amine) 2.708(7) N7-Eu-N8  66.3(4)
Eu-N8 (amine) 2.628(11)  N8-Eu-N5  64.2(3)
Eu-O 2.445(6)

The selected bond lengths and angles for [Eu2(OTf)](OTf),
are summarized in Table 4. The Eu—-N1-4 and Eu-N6-8 bond
lengths were 2.509(11)-2.708(7) A, which are within the range
of reported values for the Eu complexes with N-donor ligands,
while the Eu—-N5 (2.774(10) A) bond lengths were out of this
range.!*> The N(pyridine)-Eu-N(pyridine) and N(amine)—
Eu-N(amine) angles ranged between 64.2(3) and 97.6(3)°.
These results imply that [Eu2(OTf)](OTf), is less symmetri-
cal than [EulCl](OTf),, [Eul(OTf)](OTf),, and [Eul(NO3)]-
(NO3),.

Schematic drawings of [Eul(OTf)](OTf), and [Eu2(OTf)]-
(OTf), are shown in Fig. 4. The distances between N1 and
N5 (3.08(3) A) and between N5 and N6 (3.62(3) A) for [Eu2-
(OT1)](OTf), are much longer than those for [Eul(OTf)]-
(OTf), (2.72(17) and 2.913(13) A) by 0.36(17) and 0.71(3) A,
respectively, while the differences of the other N-N distances
between the two complexes were within 0.16(17) A. The N5
atom of [Eu2(OTf)](OTf), was far from the ideal position in
the CSAP geometry because the Eu* ion is too large to be
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§.62(3)

Fig. 4. Schematic drawings of [Eul(OTf)](OTf), (A) and
[Eu2(OTH](OTH), (B).
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completely encapsulated by the ligands. It can be concluded
that a flexible linear ligand 2 forms a more distorted complex
than a rigid cyclic ligand 1 does.

Photoluminescence Properties. The UV, excitation and
emission spectra of [Eu2(NO3)](NOs3), and [Tb2(NO3)](NOs3),
are shown in Fig. 5. The emission spectrum for [Eu2-
(NO3)](NO3), had characteristic sharp emission bands at
594nm (Dy — 'F;), 618nm (°Dy — 'F,), 650nm
(°Dy — "F3), and 693nm (°Dy — ’F,). The emission bands
for [Tb2(NO;3)](NOs), appeared at 491 nm (D4 — "F),
545nm (°D4 — 'Fs), 586nm (D4 — ’F4), and 622nm
(°D4 — "F3). The excitation spectra corresponded to the ab-
sorption spectra of the ligands throughout the UV region, con-
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Fig. 5. UV, excitation and emission spectra of [Eu2(NO3)](NO3), (A, B, and C) and [Tb2(NO3)](NO3), (D, E, and F) in CH3CN at
room temperature. The emission and excitation wavelength for [Eu2(NO3)](NO3), are 618 and 263 nm and those for [Tb2(NO3)]-
(NO3), are 545 and 265nm, respectively. The concentration of [Eu2(NO3)](NO3), and [Tb2(NO3)](NO3), is 1.0 x 10~
mol dm~3. Intensity maxima for [Eu2(NO3)](NO3), and [Tb2(NO3)](NOs), are 618 and 545 nm, respectively.

Table 5. Absorption and Luminescence Properties of the Eu** and Tb** Complexes

Absorption? Quantum yield® Lifetime?

Amax/iM Epag/mol”! dm* cm™! Pen,en® P,0” Tch,eN/mS
[Eul(NO3)](NO3), 267 11000 0.016 0.012 0.75
[Eul(OTH)](OTH), 268 11400 0.015 0.013 0.87
[EulCl](OTf), 263 12000 0.024 0.016 1.10
[Eu2(NO3)](NO3), 262 15900 0.010 0.005 0.64
[Eu2(OTH)](OTH), 261 15100 0.009 0.004 0.62
[Eu3(NO3)](NO3), 262 13400 0.005 <1073 0.74
[Eu3(OTH)](OTH), 261 14100 0.002 0.0001 0.71
[Tb1(NO3)](NO3), 266 12800 0.77 0.76 1.83
[Tb1(OTH)](OTH), 267 11900 0.82 0.76 2.86
[Tb1Cl](OTf), 263 11300 0.86 0.72 2.85
[Tb2(NO3)](NO3), 263 16000 0.59 0.001 1.60
[Tb2(OTH)](OTH), 265 17600 0.58 0.002 2.01

a) All measurements were performed in acetonitrile at room temperature (295 K). b) All measurements
were performed in water at room temperature. ¢c) Upon excitation in the ligand absorption at 260 nm.
Estimated experimental error was 30%. d) Luminescence of Dy — ’F, (615 nm) for Eu** and that of
D, — "Fs (543 nm) for Tb>* were measured in acetonitrile at room temperature (295 K) to obtain the

lifetime, respectively.
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Fig. 6. Emission spectra of the Eu*" complexes (1.0 x 10~* mol dm~?) normalized with Dy — ’F; emission bands at 594 nm in
CH;CN. Left: [Eul(NO3)](NO3), (solid line), [Eu2(NO3)](NO3), (dashed line), [Eu3(NO3)](NO3), (dash-dot-dot line). Right:
[Eul(OTD)](OT), (solid line), [Eu2(OTf)](OTT), (dashed line), [Eu3(OTf)](OTY), (dash-dot-dot line).

firming the role of the organic chromophore in sensitizing the
Eu?t and Tb?* excited states; in other words, energy transfer
from the ligand to a metal center takes places (antenna effect).
Similar excitation and emission spectra were observed in other
Eu?** and Tb** complexes with C1~ and OTf~ ligands.
Absorption and luminescence properties for the Eu’* and
Tb’* complexes in acetonitrile and H,O are summarized in
Table 5. The absorption spectra of these complexes are domi-
nated by a 7 — 7r* transition of the pyridine units. As a result
of the incorporation of multiple pyridine moieties into the
ligand, the molar absorption coefficient values of the Eu’*
and Tb3+ complexes were high (€ > 10*°M~'em™!). The
quantum yield values for the Tb3* complexes of 1 both in ace-
tonitrile and in water had considerably high values: 0.77 and
0.76 for [Tb1(NO3)](NO3),, 0.82 and 0.72 for [Tb1(OTf)]-
(OTf),, and 0.86 and 0.72 for [Tb1Cl](OTf),, respectively.
Pertaining to the luminescence of Eu’*, the °Dy — F;
transition is magnetic-dipolar in character, and its radiative
transition probability is relatively independent of the surround-
ings of the Eu®* ions. In contrast, the >Dy — ’F, transition is
predominantly electric-dipolar in character, and the emission
intensity is very sensitive to the symmetry around the Eu’*
ions (hypersensitive transition).>!*!* The emission spectra
of [Eul(NO3)](NO3),, [Eu2(NO3)](NO3),, and [Eu3(NO3)]-
(NO3),, and those of [Eul(OTf)](OTf),, [Eu2(OTH)](OTI),,
and [Eu3(OTf)](OTf), normalized with respect to the *Dy —
"F| emission bands, are shown in Fig. 6.4%7 A comparison
of the emission bands due to the "Dy — ’F, transition shows
that the intensity increased in the order [Eul(NO3)](NO3), <
[Eu2(NO3)](NO3); < [Eu3(NO3)][(NO3), and [Eul(OTf)]-
(OTf), < [Eu2(0TH)](OTS), < [Eu3(OTH)](OTS),. This order
is probably due to the distortion in the coordination environ-
ments controlled by the backbone structure of the ligands,
based on the difference in molecular structure, as described
above between the complexes of 1 and those of 2, whereas
the numbers of coordinating amine and pyridine nitrogens
are slightly different. It is also reasonable to interpret the order
by the effect of the distortion because the complexes of 2 and
those of 3 have the same numbers of coordinating amine and
pyridine nitrogens, but the intensities of their ’Dy — ’F, emis-
sion bands were noticeably different. In other words, the
change in the coordination environments induced by the ligand
backbone structure brings about an enhancement of the 5Dy —

7F, emission bands in the Eu’* complexes.

The excitation and emission spectra of [Eul(NO3)](NO3),,
[Eu2(NO3)I(NO3),, [Eu3(NO3)I(NO3)2, [TbI(NO3)I(NO3),,
and [Tb2(NOj3)](NOj3), were measured in H,O. The emission
spectra of [Eul(NO3)](NOs3),, [Eu2(NO3)](NO3),, and [Tb1-
(NO3)](NO3), in acetonitrile and in water are superimposed
for comparison in Fig. 7. Intense emissions were observed for
[Eul(NO3)](NO3), and [Tb1(NO3)](NO3), even in water, but
the emission intensity decreased drastically for [Eu2(NO3)]-
(NO3),. In addition, no emissions were detected for [Eu3-
(NO3)](NO3), and [Tb2(NO3)](NO3), in water. These results
are likely a consequence of the water-molecule coordination
and the ligand dissociation. In order to confirm this hypothesis,
we measured the lifetimes of emissions and estimated the
number of water molecules coordinated to the metal center
(¢ H,0) by using Horrocks’ equation for the Eu** complexes
and by Parker’s equation for the Tb** complexes.*®4° The data
for the luminescence lifetime and the number of coordinating
water thus obtained are summarized in Table 6. The results
indicate that three or four water molecules coordinate to the
lanthanide ion in [Eu2(NO3)](NOs),, but few water molecules
coordinate to [Eul(NO3)]J(NOs3), and [Tb1(NO3)](NO3),.
In Lehn’s cryptate complexes, [EuCbpy. bpy. bpy]** and
[TbCbpy. bpy. bpy]**, the number of coordinated water mole-
cules was 2.5 for [EuCbpy. bpy. bpy]** and 3.0 for [TbCbpy.
bpy. bpy]**, respectively.?23 As such, the rigid ligand 1 with
a cyclic backbone structure shields the lanthanide ions from
water coordination more effectively than the flexible ligand
2 with a linear backbone structure.

Conclusion

We prepared several lanthanide complexes with different
coordination environments and showed that the luminescence
properties can be controlled by using octadentate oligopyri-
dine-amine ligands with a cyclic backbone 1 and with a linear
backbone 2 and 3. All of lanthanide complexes had a distorted
CSAP geometry, but the complex with linear ligand 2 was
more distorted than that with cyclic ligand 1. The Eu** and
Tb3*+ complexes of 1-3 showed intense luminescence due to
the antenna effect. The Eu** complexes with linear ligand 2
or 3 showed more intense Dy — ’F, emissions than that with
cyclic ligand 1, which was caused by the distortion in the co-
ordination environments. The ability to protect against water



342 Bull. Chem. Soc. Jpn. Vol. 80, No. 2 (2007)

(&)

intensity

550 800 850 700 750
wavelength / nm
(®

|

intensity

480 500 550 800 850

wavelength / nm

Oligopyridine-Amine Lanthanide Complexes

(B)

intensity

A

550 800 850 700 750
wavelength / nm

Fig. 7. Emission spectra of [Eul(NO3)](NO3), (A), [Eu2(NO3)](NO3); (B), and [Tb1(NO3)]J(NO3), (C) in CH3CN (solid line) and
H,O (dashed line). The concentration of the complexes was 1.0 x 10~ mol dm~3.

Table 6. Luminescence Lifetimes and Derived Hydration
States of [Eul(NO3)](NO3),, [Eu2(NO3)](NO;3),, and

[Tb1(NO3)I(NO3),
T H,O/ms T D,O/ms qg H,O
[Eul(NO3)](NO3), 0.67 1.28 0.4
[Eu2(NO3)](NO3), 0.25 1.77 34
[Tb1(NO3)](NO3), 1.33 1.54 0.2

coordination to the Eu** and Tb*>* complexes was affected by
the rigidity of the ligand backbone structure, which also
strongly influenced the intensity of their luminescence in wa-
ter. These findings showed that by controlling the coordination
environments with changing the ligand structure, lanthanide
complexes with more intense luminescence can be prepared.

Experimental

General. 'H and 3CNMR spectra were recorded on JEOL
EX270, AL-400, or Bruker DRX-500 spectrometers. IR spectra
and mass spectra were measured with a JASCO FT/IR-620 spec-
trometer and a SHIMADZU AXIMA-CFR spectrometer, respec-
tively. The recycling of preparative HPLC was performed on a
JAI LC-918 (column, JAIGEL-ODS; detector, RI Detector RI-
50 and UV Detector RI-50 monitoring at 254 nm). Elemental anal-
ysis of the products was performed on a Yanaco MT-6 Type at the
Elemental Analysis Center of the University of Tokyo. Water
(>18.2 M) was purified with a Millipore system. Other solvents
and starting materials were purchased from Aldrich, Kanto Chem-
icals, or Wako Chemicals and used without further purification.

Synthesis. 1,4,7,10-Tetrakis(2'-pyridylmethyl)-1,4,7,10-
tetraazacyclododecane (1):  2-(Chloromethyl)pyridine hydro-
chloride (0.98 g, 6 mmol) in water (10mL) was neutralized by
slow addition of a 4 M NaOH aqueous solution (ca. 2mL). To

this solution, 1,4,7,10-tetraazacyclododecane tetrahydrochloride
(0.32 g, 1mmol) was slowly added. The reaction mixture was
stirred at room temperature for 4 days, and the pH of the mixture
was maintained between 7 and 9 by periodic dropwise addition of
4M NaOH aq. The precipitate was collected by filtration. The
product was dissolved in CHCls and washed with H,O to remove
Na' ions. The solvent was evaporated under a reduced pressure
and dried in vacuo. Recrystallization from methanol/ethyl acetate
gave an analytically pure compound 1 as colorless cubes (0.11 g,
20%). 'THNMR (CDCls, 400 MHz): & 8.47 (d, J = 4.0Hz, 4H),
7.70 (d,J = 7.3Hz, 4H), 7.42 (t, ] = 7.0Hz, 4H), 7.09 (t, J = 5.8
Hz, 4H), 3.64 (s, 8H), 2.78 (s, 16H). 3C NMR (CDCl3, 125 MHz):
8 160.6, 149.1, 136.4, 123.1, 121.9, 62.0, 53.8. IR (KBr) 2796,
1590, 1567, 1474, 1431, 1366, 1310, 1076, 1048, 989, 755cm™".
EI-MS: m/z = 536 (M™). Anal. Calcd for C3pHyoNs: C, 71.61; H,
7.51; N, 20.88%. Found: C, 71.75; H, 7.50; N, 20.84%.
N,N,N',N",N"-Pentakis(2'-pyridylmethyl)diethylenetriamine
(2): 2-(Chloromethyl)pyridine hydrochloride (2.46 g, 15 mmol)
in water (10 mL) was neutralized by the slow addition of a 4 M
NaOH aqueous solution (ca. 4 mL). To this solution, diethylenetri-
amine (0.21 g, 2mmol) was slowly added. The reaction mixture
was stirred at room temperature for 4 days, and the pH of the mix-
ture was maintained between 7 and 9 by periodic dropwise addi-
tion of 4 M NaOH aq. Water was added, and the product was ex-
tracted with diethyl ether. The combined extracts were washed
with brine and dried over Na,SOy4. The solvent was evaporated
under reduced pressure, and the residue was dried in vacuo. The
residue was purified by column chromatography in a column
packed with basic alumina gel using ethyl acetate as an eluent
to give 2 as a brown oil. An analytically pure sample was obtained
by preparative HPLC (ODS) using methanol as an eluent (0.47 g,
42%). '"HNMR (CDCls, 270 MHz): § 8.47 (d, J = 4.6 Hz, 5H),
7.57 (t, J = 6.4Hz, 5SH), 7.43 (d, J = 7.8Hz, 5H), 7.10 (t, J =
7.3Hz, 5H), 3.75 (s, 8H), 3.66 (s, 2H), 2.65 (s, 8H). 3CNMR
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(CDCl3, 125MHz): § 159.6 (Cg), 148.9 (CH), 148.8 (CH), 136.4
(CH), 136.3 (CH), 122.8 (CH), 121.9 (CH), 121.8 (CH), 60.7
(CHy), 52.7 (CHy), 52.2 (CHp). IR (neat): 3061, 3009, 2943,
2814, 1590, 1432, 761 cm™!. MALDI-TOF-MS: m/z 558.7 (M™).

N,N,N',N”,N"”-Pentakis(2’-pyridylmethyl)dipropylenetri-
amine (3): Compound 3 was synthesized in the same manner as
2 using 2-(chloromethyl)pyridine hydrochloride (8.20 g, 50 mmol)
and dipropylenetriamine (1.31g, 10mmol) and isolated as a
brown oil. Yield: 0.94g, 16%. '"HNMR (CDCl;, 270 MHz): §
8.43 (d, J =5.0Hz, 5H), 7.59 (t, J = 7.6Hz, 5H), 742 (d, J =
7.9Hz, 5H), 7.11 (t, J = 5.3 Hz, 5H), 3.75 (s, 8H), 3.62 (s, 2H),
2.52 (t, J = 7.3Hz, 4H), 2.40 (t, J = 7.3 Hz, 4H), 1.80 (m, 4H).
BCNMR (CDCl3, 125MHz): § 159.6 (C), 148.8 (CH), 148.6
(CH), 136.22 (CH), 136.17 (CH), 122.7 (CH), 121.7 (CH), 121.6
(CH), 60.3 (CH,), 52.4 (CH,), 52.2 (CH;), 24.4 (CH,). IR (neat):
3052, 3008, 2925, 2820, 1590, 1473, 1433, 760cm~'. MALDI-
TOF-MS: m/z 587.0 (M™).

[Nal]Cl (4): 2-(Chloromethyl)pyridine hydrochloride (0.98
g, 6mmol) in water (10mL) was neutralized by slow addition
of a 4M NaOH aqueous solution (ca. 2mL). To this solu-
tion, 1,4,7,10-tetraazacyclododecane tetrahydrochloride (0.32g,
1 mmol) was slowly added. The reaction mixture was allowed to
stir at room temperature for 4 days, and the pH of the mixture
was maintained between 7 and 9 by periodic dropwise addition
of 4 M NaOH aq. The precipitate was collected by filtration, wash-
ed with hexane, and dried in vacuo to afford 4 (0.17 g, 28%).
'HNMR (CDCl;, 400 MHz): § 7.64 (t, J = 7.6 Hz, 5H), 7.40 (d,
J =49Hz, 5H), 7.12 (d, J = 8.1Hz, 5H), 6.97 (t, / =5.4Hz,
5H), 3.79-2.18 (m, 24H). 3CNMR (CDCl;, 125MHz): § 158.5
(Cy), 148.7 (CH), 136.9 (CH), 123.8 (CH), 122.4 (CH), 59.0
(CH,), 50.6 (CH;), 49.9 (CH,). IR (KBr): 3052, 2925, 2813,
1593, 1567, 1473, 1094, 762 cm~'. MALDI-TOF-MS: m/z 536.44
(IM — NaCI]*).

[Eul(NO3)](NO3);: Compound 1 (1.0g, 1.9 mmol) and Eu-
(NO3)3+-6H,0 (0.83 g, 1.9mmol) were dissolved in acetonitrile
(200 mL), and the solution was refluxed for 3 days under N, atmo-
sphere. The resulting solid product was removed by filtration. The
solvent was evaporated under reduced pressure and dried in va-
cuo. Recrystallization from methanol/ethyl acetate gave an ana-
lytically pure compound [Eul(NO3)](NO3), (0.96g, 58%) as a
white powder. Anal. Calcd for C3pH40EuN;;Og: C, 43.94; H, 4.61;
N, 17.61%. Found: C, 43.76; H, 4.88; N, 17.38%.

[Tb1(NO3)I(NO3),-H,0: [Tb1(NO3)](NO;3),+-H,0 was syn-
thesized in the same manner as [Eul(NO3)](NO3), from 1 (0.66 g,
1.23 mmol) and Tb(NO3);-6H,0 (0.52 g, 1.16 mmol). Yield: 0.56
g, 54%. Anal. Calcd for C3;Hsp N1 O19Th: C, 42.72; H, 4.71; N,
17.13%. Found: C, 43.00; H, 4.98; N, 16.87%.

[Eul(OTH)](OTf),-2H,0: Compound 1 (0.10g, 0.19 mmol)
and Eu(OTf)s (0.11g, 0.19 mmol) were dissolved in acetonitrile
(30mL), and the solution was refluxed for 3 days under N, atmo-
sphere. The resulting solid product was removed by filtration. The
solvent was evaporated under reduced pressure, and the residue
was dried in vacuo. Recrystallization from acetonitrile/diethyl
ether gave analytically pure [Eul(OTf)](OTf),-2H,O (0.13g,
60%) as a white powder. Anal. Calcd for C3sH4qEuFgNgOy;Ss:
C, 35.87; H, 3.78; N, 9.56%. Found: C, 35.70; H, 3.99; N, 9.36%.

[Nd1CI1](OTf);-H,0: Compound 4 (0.90g, 1.51 mmol) and
Nd(OTf); (1.10 g, 1.86 mmol) were dissolved in acetonitrile (200
mL), and the solution was refluxed for 3 days under N, atmo-
sphere. The resulting solid product was removed by filtration.
The solvent was evaporated from the filtrate under reduced pres-
sure, and the residue was dried in vacuo. Recrystallization from
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dichloromethane/ethyl acetate gave analytically pure [Nd1Cl]-
(OTf),-H,O (0.94g, 61%) as white crystals. Anal. Calcd for
C34H4p CIFgNgNdO5S,: C, 39.55; H, 4.10; N, 10.85%. Found: C,
39.19; H, 4.21; N, 10.61%.

[EulCl](OTf),: [EulCl](OTf), was synthesized in the same
manner as [Nd1Cl](OTf),-H,O from 4 (0.54 g, 0.91 mmol) and
Eu(OTf)3 (0.59 g, 0.98 mmol). Yield: 0.62g, 67%. Anal. Calcd
for C33H4oEuClFgNgOgS,: C, 39.95; H, 3.94; N, 10.96%. Found:
C, 39.64; H, 4.30; N, 10.44%.

[Tb1CIJ(OTf),: [Tb1Cl](OTf), was synthesized in the same
manner as [Nd1CI](OTf),-H,O from 4 (1.00g, 1.69 mmol) and
Tb(OTf); (1.10g, 1.8 mmol). Yield: 1.30g, 75%. Anal. Calcd
for C34H40CIFgNgOeS,Th: C, 39.68; H, 3.92; N, 10.89%. Found:
C, 39.21; H, 4.37; N, 10.54%.

[Nd1(OTH](OTf),-2H,0: [Nd1Cl](OTf),-H,O (0.16 g, 0.16
mmol) and Ag(OTf) (0.047 g, 0.18 mmol) were dissolved in ace-
tonitrile (50 mL). The solution was stirred for 12 h at room tem-
perature. The resulting solid product was removed by filtration.
The solvent was evaporated from the filtrate under reduced pres-
sure, and the residue was dried in vacuo. Recrystallization from
acetonitrile/diethyl ether gave analytically pure compound [Nd1-
(OTH)](OT*),-2H,0 (0.12 g, 64%) as white crystals. Anal. Calcd
for C35H44F9N3Nd0||532 C, 3611, H, 381, N, 9.63%. Found:
C, 36.41; H, 4.35; N, 9.05%.

[Tb1(OTH](OTS),-H,O: [Tb1(OTH)](OTI),-H,O was syn-
thesized in the same manner as [Nd1(OTf)](OTf),.2H,0 from
[Tb1Cl1](OTf), (0.10 g, 0.097 mmol) and Ag(OTf) (0.025 g, 0.097
mmol). Yield: 0.079 g, 70%. Anal. Calcd for C35HyFgNgO10S3-
Tb: C, 36.21; H, 3.65; N, 9.65%. Found: C, 36.27; H, 3.79; N,
9.35%.

[Eu2(NO3)I(NO3);:  To a solution of Eu(NOs);-6H,0 (0.77
g, 1.7mmol) in acetonitrile (190mL) was added a solution of 2
(0.95¢, 1.7mmol) in acetonitrile (10mL) under N, atmosphere.
The solution was stirred for 24 h at room temperature. The result-
ing solid product was removed by filtration. The solvent was
evaporated from the filtrate under reduced pressure to give analyt-
ically pure [Eu2(NO3)](NO3), (0.92g, 60%) as a pale yellow
powder. Anal. Caled for C3sHsgEuN;;O9: C, 45.54; H, 4.27; N,
17.18%. Found: C, 45.41; H, 4.52; N, 16.96%.

[Tb2(NO3)I(NO3):  [Tb2(NO3)](NO3), was synthesized in
the same manner as [Eu2(NO3)](NOs3), from 2 (0.37g, 0.66
mmol) and Tb(NO3);-6H,0 (0.30g, 0.66 mmol). Yield: 0.37 g,
62%. Anal. Caled for CssH3sTbN1Og: C, 45.19; H, 4.24; N,
17.05%. Found: C, 44.98; H, 4.48; N, 17.03%.

[Eu2(OTH](OTE),: To a solution of Eu(OTf); (1.88 g, 3.1
mmol) in acetonitrile (190 mL) was added a solution of 2 (1.75 g,
3.1 mmol) in acetonitrile (10 mL) under N, atmosphere. The solu-
tion was stirred for 24 h at room temperature. The resulting solid
product was removed by filtration. The solvent was evaporated
from the filtrate under reduced pressure, and the residue was dried
in vacuo. Recrystallization from dichloromethane/ethyl acetate
gave an analytically pure compound [Eu2(OTf)](OTf), (2.43 g,
68%) as colorless cubes. Anal. Calcd for C37H3gF9EuNgOgS5:
C, 38.38; H, 3.31; N, 9.68%. Found: C, 38.15; H, 3.50; N, 9.44%.

[La2(0OTH](OTf),: [La2(OTf)](OTf), was synthesized in the
same manner as [Eu2(OTf)](OTf), from 2 (0.29 g, 0.52 mmol) and
La(OTf); (0.30 g, 0.51 mmol). Yield: 0.39 g, 67%. Anal. Calcd for
C37H33F9LaNgOoS;: C, 38.82; H, 3.35; N, 9.79%. Found: C,
38.67; H, 3.50; N, 9.60%.

[Pr2(0OTH](OTE),: [Pr2(0OTH)](OTY), was synthesized in the
same manner as [Eu2(OTf)](OTf), from 2 (0.29 g, 0.52 mmol) and
Pr(OTf); (0.30 g, 0.51 mmol). Yield: 0.35 g, 59%. Anal. Calcd for
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Cs7H33F9NgOoPrS;: C, 38.75; H, 3.34; N, 9.77%. Found: C,
38.47; H, 3.52; N, 9.50%.

[Nd2(OTDH](OTE),: [Nd2(OTH)](OTL), was synthesized in the
same manner as [Eu2(OTf)](OTf), from 2 (1.0 g, 1.79 mmol) and
Nd(OTf)3 (1.06 g, 1.79 mmol). Yield: 1.38 g, 67%. Anal. Calcd for
C37H3gNgFgNdOgS3Z C, 38.64—; H, 3.33; N, 9.74%. Found: C,
38.42; H, 3.60; N, 9.50%.

[Sm2(0TH](OTE),: [Sm2(OTH)](OTE), was synthesized in
the same manner as [Eu2(OTf)](OTf), from 2 (0.28 g, 0.50 mmol)
and Sm(OTf); (0.30g, 0.50 mmol). Yield: 0.37g, 64%. Anal.
Calcd for C37H33F9NSOQS3SH’IZ C, 3843, H, 331, N, 9.69%.
Found: C, 38.21; H, 3.57; N, 9.43%.

[Tb2(OTH)|(OT*);-3H,0: [Tb2(OTH)](OTf),-3H,0 was syn-
thesized in the same manner as [Eu2(OTf)](OTf), from 2 (1.0 g,
1.79 mmol) and Tb(OTf)3 (1.08 g, 1.78 mmol). Yield: 1.33 g, 61%.
Anal. Calcd for Cs7HusFoNgO2S3Tb: C, 36.46; H, 3.64; N,
9.19%. Found: C, 36.41; H, 3.64; N, 9.02%.

[Eu3(NO3)I(NO3)2:  [Eu3(NO3)](NO3), was synthesized in
the same manner as [Eu2(NO;)](NO3), from 3 (1.03g, 1.76
mmol) and Eu(NO3);3-6H,0 (0.79 g, 1.77mmol). Yield: 1.26g,
77%. Anal. Calcd for C3sHgpEuN;Og: C, 46.76; H, 4.58; N,
16.66%. Found: C, 46.58; H, 4.81; N, 16.44%.

[Eu3(0OT£)](OTf),-H,0: To a solution of Eu(OTf); (0.038 g,
0.063 mmol) in acetonitrile (45mL) was added a solution of 3
(0.037 g, 0.063 mmol) in acetonitrile (5 mL) under N, atmosphere.
The solution was stirred for 24 h at room temperature. The result-
ing solid product was removed by filtration. The solvent was
evaporated from the filtrate under reduced pressure, and the resi-
due was dried in vacuo. Recrystallization from acetonitrile/dieth-
yl ether gave analytically pure [Eu3(OTf)](OTf),-H,O (0.050g,
81%) as colorless cubes. Anal. Calcd for C39Hy4EuFgNgO;S3:
C, 38.91; H, 3.68; N, 9.31%. Found: C, 38.82; H, 4.13; N, 8.90%.

X-ray Crystallography. All crystals were mounted on a loop
fiber with liquid paraffin frozen under a cold stream of N;. Reflec-
tion data were collected at 113(2) K on a Rigaku Mercury diffrac-
tometer with a CCD area detector or Rigaku VariMax Saturn with
graphite monochromated Mo K« radiation (0.7107 A). Reflections
were corrected for Lorentz and polarization effects, and an empir-
ical correction was applied for absorption. All the structures were
solved by direct methods using SIR92 and SHELXS-97.5%3! The
final cycles of full-matrix least-squares refinement on F were per-
formed using the SHELXL-97.52 All calculations were performed
using the CrystalStructure crystallographic software package of
Rigaku Corporation or the WinGX program.”® Crystallographic
data have been deposited with Cambridge Crystallographic Data
Centre: Deposition number CCDC 290933 for [Nd1CI](OTf),,
CCDC 290934 for [Nd2(OTf)](OTf),, CCDC 290935 for
[Pr2(0OTf)](OTf),, CCDC 290936 for [Sm2(OTf)](OTf),, CCDC
290937 for [Eu2(OTf)](OTf),-2CH,Cl,, CCDC 290938 for
[La2(OTf)](OTf),-2CH,Cl,, CCDC 290939 for [Nd1(OTY)]-
(OTf),-2MeCN-0.5Et,0, CCDC 616549 for [EulCl](OTf),,
CCDC 616550 for [Tb1Cl](OTf),, CCDC 616551 for [Eul-
(OTH)](OTY),, and CCDC 616552 for [Eul(NO3)](NO;3),. Copies
of the data can be obtained free of charge via http://www.ccdc.
cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystal-
lographic Data Centre, 12, Union Road, Cambridge, CB2 1EZ,
UK; Fax: 444 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).

Luminescence Measurements. The solvents used were dis-
tilled water, 99.96% isotopically pure D,O, and fluorescence-
grade acetonitrile. The absorption spectra were recorded with a
Jasco V-570 UV-vis spectrometer. The emission and excitation
spectra were recorded with a Hitachi FL-4500 spectrometer. The

Oligopyridine-Amine Lanthanide Complexes

luminescence quantum yields were calculated utilizing the equa-
tion ¢, /@, = (A, (W, (V)n,2Dy) /(A (VI (V)n,2D,), where x refers
to the sample and r to the reference; A is the absorbance, Vv the ex-
citation wavenumber, / the intensity of the excitation light at this
energy, n the refractive index, and D the integrated emitted inten-
sity. Anthracene was used as a standard (¢» = 0.27 in ethanol).>*>>
For the luminescence lifetime study, a pulsed laser was used;
Pulsed (10 Hz) 308 nm output of a XeCl excimer laser (Lambda
Physik COMPex 201) pumping PBBO (Lambda Physik) was uti-
lized in 1,4-dioxane solution in a dye laser head (Lambda Physik,
SCANmate 2). The pulse width was approximately 15ns. The
355-nm (third harmonic) laser beam was obtained directly from
the pulsed (10 Hz) output of a Spectron SL-803 Nd:YAG laser.
The emission light was collected, introduced into a monochro-
mator (Oriel 77257), and detected with a photomultiplier tube
(Hamamatsu R3896). The signal was picked up with a digitizing
oscilloscope (Hewlett Packard 5410A). Obtained decay curves
were calculated by a single exponential function and fitted by a
least-square method. The resulting decay rate constant k was con-
verted to lifetime 7.
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Supporting Information

IR spectra of [Eul(NO;3)](NO3),, [Eu2(NO3)](NO;3),, [Eu3-
(NO3)I(NO3)2, [Tb1(NO3)I(NO3),, and [Tb2(NO3)](NOs), (Fig.
S1). ORTEP drawings of [Nd1C1](OTf), (Fig. S2), [Tb1C1](OTf),
(Fig. S3), [Nd1(OTf)](OTf), (Fig. S4), [La2(OTf)](OTY), (Fig. S5),
[Pr2(OTH)](OTf), (Fig. S6), [Nd2(OTf)](OTf), (Fig. S7), and
[Sm2(OTf)](OTf), (Fig. S8), and the Ln-N bond lengths for
[Nd1CI](OTf),, [EulCl](OTf),, [Tb1CI](OTf),, [Nd1(OTf)]-
(OTf),, [Eul(OTH](OTE),, [Eul(NO3)I(NOs),, [La2(OTH)]-
(0T, [Pr2(OTH](OTH),, [Nd2(OTHI(OT1)z, [Sm2(OTH)](OTH),,
and [Eu2(OTf)](OTf), (Table S1). This material is available free
of charge on the Web at: http://www.csj.jp/journals/bcsj/.
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