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Controlling the coordination environments and the luminescence

properties of Eu
3+

complexes with outer-sphere counterions was

achieved in the solid state, in a polymer matrix and in solution.

Eu3+ complexes have attracted considerable interest because

of their fascinating luminescence properties (high color purity

and long lifetimes) and their potential application to lumines-

cence devices (luminescent probes and biological sensors).1 To

improve the luminescence of the Eu3+ complexes, numerous

studies have attempted to design ligands containing a transi-

tion band with large e, which could populate the excited states

of the Eu3+ ion and also encapsulate it to protect against the

coordination of water molecules that would quench the lumi-

nescence.2 More recent studies have attempted to improve the

luminescence by controlling the coordination environments

according to the Judd–Ofelt theory, which states that the

luminescence is affected by the coordination environments

around the Eu3+ ion.3 Moreover, it is very compelling that

the improvement was observed not only in the solid state but

also in a polymer matrix and in solution, because Eu3+

complexes have been used in a wide range of applications,

such as optoelectronic devices in the solid state, chemical and

biological sensor sheets in a polymer matrix, and molecular

imaging in solution.4 However, to our knowledge, there has

been no study in which the improvements were realized

irrespective of the material state of the Eu3+ complexes. In

this work, we have succeeded in gaining fine control over the

coordination environments of Eu3+ complexes. We accom-

plished this by using an octadentate tetrapyridylcyclotetra-

mine ligand, 1,4,7,10-tetrakis(20-pyridylmethyl)-1,4,7,10-

tetraazacyclododecane (1), which allowed us to realize a large

variation in the luminescence properties by changing only the

counterions in the outer sphere (Scheme 1). It should be noted

that, although there have been several reports in which the

luminescence properties were changed by counterions,5 there

has been no investigation into the effect of the counterions in

the outer, rather than the inner sphere. In the present study,

the strong effect of changing the counterions was not restricted

to the solid state but also appeared in a polymer matrix and

even in solution. The relationship between the coordination

environments depending on the counterions and the lumines-

cence was clarified based on the molecular structure.

The synthesis of a Eu3+ complex of 1, [Eu1Cl](OTf)2
(OTf = CF3SO3), was reported previously.3e [Eu1Cl]Cl2 was

obtained by the reaction of EuCl3�6H2O with one equivalent

of 1 in MeOH. [Eu1Cl](BF4)2 and [Eu1Cl](PF6)2 were synthe-

sized by mixing [Eu1Cl]Cl2 with two equivalents of AgBF4 and

AgPF6, respectively, in MeOH.

Single crystals of [Eu1Cl](BF4)2, [Eu1Cl](PF6)2, [Eu1Cl]-

(OTf)2 and [Eu1Cl]Cl2 were obtained by recrystallization from

acetonitrile–diethyl ether, and their structures were deter-

mined by X-ray structural analysis.6 ORTEP drawings of the

Eu3+ complexes are shown in Fig. 1. In all four Eu3+

complexes, the coordination number of the Eu(III) center

was nine, with eight nitrogen atoms of 1 and one chlorine

atom. Selected bond lengths for Eu3+ complexes are shown in

Fig. 2 (further selected bond lengths, angles and dihedral

angles are summarized in Table S2, ESIz). For all [Eu1Cl]2+
complexes with BF4

�, PF6
�, OTf� and Cl� as counterions, the

Eu–N(pyridine) and Eu–N(amine) bond lengths were within

the range of 2.540(7)–2.626(6) Å and 2.627(6)–2.703(6) Å,

respectively, and the bond angles and dihedral angles showed

Scheme 1 Chemical structures of ligand 1 and [Eu1Cl]X2 (X=BF4
�,

PF6
�, OTf�, Cl�) complexes.
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little differences. Conversely, the Eu–Cl bond lengths differed

significantly and became longer in the order of [Eu1Cl](BF4)2
(2.153(5) Å) o [Eu1Cl](PF6)2 (2.212(5) Å) o [Eu1Cl](OTf)2
(2.725(2) Å) o [Eu1Cl]Cl2 (2.763(3) Å). This difference is due

to packing effects and/or electrostatic interaction effects, be-

cause there is no chemical interaction between the metal

complex cation and counterions, and the Eu–Cl bond lengths

became longer in the corresponding order with increasing unit

cell volume per formula unit (Fig. S1, ESIz).7 Briefly,

[Eu1Cl]2+ formed isostructures regardless of the counterions

used, whereas only the Eu–Cl bond length changed depending

on the counterions in the outer sphere.

The luminescence spectra of the Eu3+ complexes in the solid

state were measured at RT. The spectra for [Eu1Cl](BF4)2 and

[Eu1Cl](PF6)2 displayed characteristic sharp and intense emis-

sion bands at 590 nm (5D0 - 7F1), 621 nm (5D0 - 7F2),

655 nm (5D0 -
7F3) and 698 nm (5D0 -

7F4), and those for

[Eu1Cl](OTf)2 and [Eu1Cl]Cl2 displayed these bands at

594 nm (5D0 - 7F1), 618 nm (5D0 - 7F2), 650 nm

(5D0 -
7F3) and 697 nm (5D0 -

7F4) by excitation of p - p*
transitions of the pyridine moieties at 260 nm (antenna effect)

(Fig. 3(A)).2,8 Their spectra and colors were significantly

changed by changing the counterions in the outer sphere.

For the luminescence of the Eu3+ ions, the 5D0 - 7F1

transition is magnetic-dipolar in character, and its radiative

transition probability is relatively independent of the coordi-

nation environments of the Eu3+ ions; in contrast, the 5D0 -
7F2 transition is predominantly electric-dipolar in character,

and the emission intensity is very sensitive to coordination

environments (hypersensitive transition).2,3 The relative inten-

sities (Irel) of the 5D0 - 7F2 transition to the 5D0 - 7F1

Fig. 1 ORTEP drawings of [Eu1Cl](BF4)2 (a), [Eu1Cl](PF6)2 (b),

[Eu1Cl](OTf)2 (c), and [Eu1Cl]Cl2 (d) with 50% probability. H atoms

have been omitted for clarity. Crystallographically, [Eu1Cl](BF4)2,

[Eu1Cl](PF6)2 and [Eu1Cl](OTf)2 have C2 symmetry. For the purpose

to compare their structures with [Eu1Cl]Cl2 which has no C2 symme-

try, eight N atoms are labeled with different numbers in the figure

(N1/N3, N2/N4, N5/N7 and N6/N8 in the figure are N1, N2, N3 and

N4 in the CIFs, respectively).

Fig. 2 Selected bond lengths (Å) for [Eu1Cl](BF4)2 (a), [Eu1Cl](PF6)2 (b), [Eu1Cl](OTf)2 (c) and [Eu1Cl]Cl2 (d): (K) Eu–N1, (J) Eu–N2,

(m) Eu–N3, (n) Eu–N4, (’) Eu–N5, (&) Eu–N6, (E) Eu–N7, (}) Eu–N8, (K) Eu–Cl.

Fig. 3 (A) Emission spectra of [Eu1Cl](BF4)2 (a), [Eu1Cl](PF6)2 (b),

[Eu1Cl](OTf)2 (c) and [Eu1Cl]Cl2 (d) in the solid state. (B) Emission

spectra of [Eu1Cl](BF4)2 (a), [Eu1Cl](PF6)2 (b), [Eu1Cl](OTf)2 (c) and

[Eu1Cl]Cl2 (d) in CH3CN (1.0 � 10�4 M) at RT. Inset: images of the

Eu3+ complexes under UV light (254 nm).
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transition provide information about the coordination envir-

onments. The values of Irel increased in the order of

[Eu1Cl](BF4)2 o Eu1Cl](PF6)2 o [Eu1Cl](OTf)2 o
[Eu1Cl]Cl2 (Table 1). This corresponds to the order of the

Eu–Cl bond lengths described above. It is reasonable to

interpret the spectral changes by the effect of the changes of

the distance between the Eu3+ ion and the coordinating Cl�

with the counterions in the outer sphere.

This counterion effect on the luminescence was also ob-

served in a polymer matrix and also in solution at RT and 77

K (Fig. 3(B) and Fig. S2 and S3, ESIz). The Eu3+ complexes

in poly(vinyl chloride) (PVC) film and in CH3CN (1.0 � 10�4

M) showed that the values of Irel increased in the same order,

[Eu1Cl](BF4)2 o [Eu1Cl](PF6)2 o [Eu1Cl](OTf)2 o
[Eu1Cl]Cl2. This suggests that the ion pairs existing in the

polymer matrix and in solution dominate the luminescence

properties to a considerable degree. This consideration is

supported by the results of the ESI mass spectra of the four

complexes, indicating that the ion pairs ability increases in the

order, [Eu1Cl](BF4)2 o [Eu1Cl](PF6)2 o [Eu1Cl](OTf)2 o
[Eu1Cl]Cl2 (Table S3, ESIz).9 The quantum yield values of the

Eu3+ complexes in CH3CN at RT were obtained. The values

also changed significantly in the order of [Eu1Cl]Cl2 o
[Eu1Cl](OTf)2 o [Eu1Cl](PF6)2 o [Eu1Cl](BF4)2, and the

value for [Eu1Cl](BF4)2 was about seven-fold larger than that

for [Eu1Cl]Cl2.

In conclusion, we have succeeded in obtaining fine control

over the coordination environments and luminescence proper-

ties of Eu3+ complexes through an adjustment of the Eu–Cl

bond length by changing only the counterions in the outer

sphere. We have demonstrated that this counterion effect

appears not only in the solid state but also in a polymer

matrix and in solution. This result provides a new approach

toward improving the luminescence properties of Eu3+ com-

plexes irrespective of whether they are in the solid state, in a

polymer matrix, or in solution.
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Table 1 Relative intensities (Irel)
a of [Eu1Cl]X2 in the solid state, in a

polymer matrix, and in solution at RT and 77 K, and quantum yields
(F) of the Eu3+ complexes in CH3CN at RT

Irel

X Solid Polymer
CH3CN
(RT)

CH3CN
(77 K)

F (CH3CN
(RT))

BF4
� 1.49 1.77 1.68 1.30 0.117

PF6
� 1.59 2.16 1.89 1.81 0.075

OTf� 3.14 3.43 3.12 2.37 0.024
Cl� 3.34 3.53 3.34 2.68 0.017

a Relative intensity of the 5D0 - 7F2 transition to the 5D0 - 7F1

transition.
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