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Abstract: Four heterodinuclear cryp-
tates [EuML(dmf)](ClO4)2 (M�Ca,
Cd, Ni, Zn) were synthesized by a two-
step method (L denotes deprotonated
anionic cryptand synthesized by con-
densation of tris(2-aminoethyl)amine
with 2,6-diformyl-4-chlorophenol). The
ES-MS spectra of the four cryptates and
the crystal structure of [EuNiL(dmf)]-
(ClO4)2 ¥MeCN confirm that a strict

dinuclear EuIII ±MII entity exits in the
cryptates. The cyclic voltammetry and
luminescence spectral investigations in-
dicate that the introduction of second
metal ions into the mononuclear EuIII

cryptate result in a negative shift of the
redox potential of EuIII and a change in
luminescence intensity of EuIII. The
cryptate [EuML(dmf)](ClO4)2 was
shown to quench the emission of EuIII

when M�Ni and to enhance the emis-
sion of EuIII whenM�Ca, Cd, and Zn in
the sequence: mononuclear�Eu±Ca�
Eu±Cd�Eu±Zn.

Keywords: cryptates ¥ europium ¥
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Introduction

Over recent years the interest in the synthesis and properties
of lanthanide complexes has increased dramatically.[1±6] Their
novel structures and properties have resulted in technological
applications,[7±9] for example, lanthanide(���) complexes are
important as tunable photonic devices with potential for
biomedical diagnostics and fluorescence imaging[10] as well as
chemical logics[11] in molecular information processing. Some
lanthanide ions, such as Eu3� and Tb3�, exhibit strong
emission and excited states with long lifetimes but have
extremely low absorption coefficients[12] and so the scope of
their application is limited. This drawback can be overcome
through encapsulation of metal ions inside the cavity of
cryptands. The cryptands shield the metal ions from inter-
action with solvents and thus avoid radiationless deactivation

processes of luminescence emission and enhance thermody-
namic and kinetic stability of the complexes in solution by the
cryptate effect. Therefore, europium or terbium cryptates
with valuable luminescence properties can be obtained by a
suitable choice of cryptand with an antenna chromophore[13]

and by tuning the photophysical and electronic properties
through structural modifications of the cryptates.[14, 15] The
syntheses and luminescence properties of some EuIII cryptates
have been described,[16±21] such as those based on oxamacro-
cycles,[22, 23] azamacrocycles,[24] macrocycles with bipyridyl[25, 26]

and aromatic N-oxide functional groups,[27] and macrocycles
with functionalized calixarenes,[28] as well as novel iminophe-
nolate cryptates[29, 30] (Robson type).
However, the number and type of cryptates that have been

used is still quite limited.[31] All of them are mononuclear or
homodinuclear lanthanide cryptates. There have been few
reports on the luminescence properties of heterodinuclear
cryptates containing both lanthanide(���) and other metal ions.
It is well known that heterodinuclear complexes have unique
properties that are different from those of the analogous
mononuclear and homodinuclear complexes. Introduction of
a second, dissimilar, metal ion into mononuclear lanthanide
complexes permits the tuning of magnetic[15] and photophys-
ical properties of lanthanide ions.[32] Recently a Robson-type
heterodinuclear Dy ±Cu cryptate was synthesized by our
group for the first time.[33] Subsequently, the magnetic
interaction between GdIII and NiII atoms in the iminopheno-
late Gd ±Ni cryptate[34] was studied. As part of a continuing
study aimed at gaining a better understanding of the
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luminescence properties of lanthanide heteronuclear crypt-
ates, herein we report four new heterodinuclear europium(���)
cryptates [EuML(dmf)](ClO4)2 (M�Ca, Cd, Ni, Zn; L
denotes deprotonated anionic cryptand synthesized by con-
densation of tris(2-aminoethyl)amine with 2,6-diformyl-4-
chlorophenol). The synthetic route to these compounds is
different from the general method for Robson-type hetero-
dinuclear dimensional macrocyclic complexes and is shown in
Scheme 1.[35] They were characterized by electrospray mass
spectrometry (ES-MS), cyclic voltammetry (CV), and X-ray
crystal structure analysis. Their luminescence properties were
also studied. The experimental results show that introduction
of the second metal ion into the mononuclear EuIII cryptate
resulted in an increase of the absorption coefficients of the
cryptates, a negative shift of the redox potential of EuIII, and a
change in the luminescence intensity of EuIII. The intensity
can be tuned by selective introduction of the second metal ion
into the mononuclear EuIII cryptate.

Results and Discussion

Syntheses : In general,[35] Robson-type heteronuclear two-
dimensional macrocyclic complexes are obtained by a [2�1]
condensation of dialdehyde with amine in the presence of the
first metal and then by cyclization with another molecule of
dissimilar amine using the second metal as a template. The
present cryptates [EuML(dmf)](ClO4)2 (M�Ca 1, Cd 2, Ni 3,
Zn 4) were synthesized by the following route as shown in
Scheme 1: 1) Synthesis of [Eu(H3L)(NO3)(H2O)](ClO4)2 (5)
as the precursor which included one molecule of water as a
guest species in the cavity. 2) During the reaction of added
CaH2 with the precursor, three protons of the cryptand were
neutralized and the included water molecule was replaced by
a calcium ion, which led to the formation of the [EuCaL]2� ion
as an intermediate in solution that could be isolated as the
product [EuCaL(dmf)](ClO4)2. 3) The ES-MS of [Eu-
CaL(dmf)](ClO4)2 has demonstrated that the Ca2� ion in the
cryptate is unstable and labile towards dissociation and
replacement. Thus the Ca2� ion may be replaced by transition
metals. Thus far we failed to synthesize d ± f heteronuclear
cryptates in the absence of CaH2 or by the general method.

Characterization : The values of the solution molar conduc-
tivities of cryptates 1 ± 4 indicated that all are 1:2 electrolytes.
The results of molar conductivity studies and elemental
analysis showed that three phenolic protons of mononuclear
cryptate [Eu(H3L)(NO3)(H2O)](ClO4)2 (5) were lost during
coordination of the second metal ion, in agreement with the
X-ray structural determination. The data from the electronic

Scheme 1. The syntheses of the heterodinuclear cryptates. The electron
charges of metal and cryptate cations are omitted.

spectra are presented in Table 1. Electronic spectra of
heterodinuclear cryptates in MeCN display three intense
bands. The band centered around 380 nm is assigned to the
C�N chromophore, whereas the other two bands at about
250 nm and 225 nm are assigned to the � ±�* transition of the
K band of benzene rings. In the Eu ±Ni cryptate, the
remaining band at 650 nm may be assigned to the d ± d
transition of NiII. The introduction of a second metal ion into
[Eu(H3L)(NO3)(H2O)](ClO4)2 led to a blue shift of the three
intense bands and to an increase of the molar absorption
coefficients. The maximum blue-shift of the C�N bands
observed is 30 nm, and the maximum increase of the molar
absorption coefficient of the C�N band is about 9�
103 Lmol�1 cm�1.

Electrospray mass spectra : The ES-MS data of cryptates 1 ± 4
are listed in Table 2. The most intense peak of each of the
heteronuclear cryptates corresponds to the fragment [Eu-
ML]2� formed by loss of a coordinated DMF molecule. This
confirms the presence of the EuIII ±MII core in the cryptate.
The other peak clusters are assigned to binding of the
fragment [EuML]2� with solvent molecules or ClO4

�, or loss
of chlorine atoms from the phenyl rings. Unlike for cryptate 1,

Table 1. Data from the electronic spectra of EuIII cryptates in MeCN solution.

No cryptates � [nm] (�) � [nm] (�� 104 Lmol�1 cm�1)

[EuCaL(dmf)](ClO4)2 (1) 380 (2.07) 247 (8.84) 222 (9.21)
[EuCdL(dmf)](ClO4)2(2) 376 (2.50) 247 (9.42) 224 (10.01)
[EuNiL(dmf)](ClO4)2 ¥MeCN (3) 635(33) 377 (1.88) 248 (7.03) 225 (8.33)
[EuZnL(dmf)](ClO4)2 ¥MeCN (4) 379 (2.46) 248 (8.96) 223 (9.75)
[Eu(H3L)(NO3)(H2O)](ClO4)2 (5) 406 (1.62) 264 (3.04) 230 (8.30)
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no peaks were found due to the loss of Eu3� or M2�. This
indicates that cryptates 2 ± 4 are stable under the conditions of
ES-MS. From Table 2, it is remarkable to note that the peak in
the ES-MS of [EuCaL(dmf)](ClO4)2 (1) at m/z 404.4 is
attributed to the species [EuL�2H�]2� which was formed by
loss of the encapsulated Ca2� ion and the trapping of two
protons. This indicates that cryptate 1 is unstable and labile;
the encapsulated Ca2� ion is able to dissociate and be replaced
by transition metal ions as mentioned in the previous section.
The isotopic distribution at m/z 463.3 was calculated[36] by
using the numbers and natural isotopic abundance of atoms in
[EuCaL]2�. The calculated pattern (Figure 1a) is similar to the
experimental one (Figure 1b), further confirming the the
existence of the heterodiuclear EuIII ±CaII cryptate.

Figure 1. The isotopic distribution of the peak cluster at m/z 463.3:
a) calculated pattern; b) experimental pattern.

Cyclic voltammetric behavior : The cyclic voltammogram of
[Eu(H3L)(NO3)(H2O)](ClO4)2 (5) in DMF, scanned from 0 ±
� 2.20 Vat a scan rate of 0.05 Vs�1 (Figure 2a), shows one pair
of well-defined cathodic and anodic peaks with peak poten-
tials of Epc��0.860 and Epa��0.780 V (NHE), respectively.

Figure 2. The cyclic voltammograms of a) [Eu(H3L)(NO3)(H2O)](ClO4)2
(5), b) [EuNiL(dmf)](ClO4)2 (3 ; full line) and [EuZnL(dmf)](ClO4)2 (4 ;
dash line) in DMF, concentration of the complexes: 1.50� 10�3 molL�1,
Bu4NClO4: 0.1 molL�1, scan rate: 0.05 Vs�1.

The value of the half-wave potential E1/21 was calculated to be
�0.820 V. The cathodic and anodic peaks are of equal
intensity and the separation between the anodic and cathodic
peaks (80 mV) increases with scan rate. Furthermore, peak
heights for the complex are proportional to the square root of
the scan rate. From these results, it may be concluded that
cryptate 5 underwent a quasi-reversible reduction process
that can be ascribed to the EuIII/EuII couple. The voltammo-
grams of heterodinuclear cryptates 3 and 4 are shown in
Figure 2b. Cryptate 2 also has a voltammetric pattern similar
to those of 3 and 4. For example, [EuNiL(dmf)]2� exhibits
three one-electron redox processes that may be assigned as
follows:

[EuIIINiIIL]2� � e� [EuIINiIIL]� E1/21��0.990 V

[EuIINiIIL]� � e� [EuIINiIL]0 E1/22��1.520 V

[EuIINiIL]0 � e� [EuIINi0L]� E1/23��1.765 V

The electrochemical data of the four cryptates 2 ± 5 are
listed in Table 3. Notably, in the three heteronuclear cryptates,

Table 2. The assignment of ES-MS peaks for cryptates 1 ± 4 in MeOH.

Cryptate Peaks (m/z) Assignments

1 1027.3 (37) [EuCaL�ClO4
�]2�

479.3 (14) [EuCaL�CH3OH]2�

463.3 (100) [EuCaL]2�

444.4 (37) [EuL� 2H�]
2 1099.0 (12) [EuCdL�ClO4

�]�

500.4 (100) [EuCdL]2�

3 1043.3 (8) [EuNiL�ClO4
�]�

1003.1 (20) [EuNi(L� 3Cl)�ClO4
�� 1.5MeOH�H2O]�

985.3 (20) [EuNi(L� 3Cl)�ClO4
�� 1.5MeOH]�

472.3 (100) [EuNiL]2�

464.3 (25) [EuNi(L�Cl)�H2O]2�

4 1051.2 (18) [EuZnL�ClO4
�]�

512.2 (10) [EuZnL(dmf)]2�

476.3 (100) [EuZnL]2�
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reduction potentials of EuIII/EuII are a function of the divalent
ions in the second site and are negatively shifted relative to
the mononuclear cryptate 5, that is, EuIII in mononuclear
cryptate is reduced more easily than those in heteronuclear
cryptates. The sequence of increasing difficulty of reduction in
these cryptates has the order: mononuclear�EuIII-NiII�
EuIII-CdII�EuIII-ZnII.

Crystal structure : A summary of the crystal data for complex
3 is given in Table 4. The structure of the complex cation
[EuNiL(dmf)]2� of 3 is shown in Figure 3. The structural
analysis of 3 confirms that the dinuclear EuIII ±NiII entity
exists in the cryptate. The EuIII center is located at one end of
the cavity and is eight-coordinate with bridgehead nitrogen
atoms N(1), three imino-nitrogen atoms (N(2), N(3), N(4)),
the oxygen atom O(4) of DMF, and three phenoxy-oxygen
atoms (O(1), O(2), O(3)). The coordination configuration is
best described as distorted dodecahedral. The average bond
lengths for EuIII�N(imino) (2.492 ä) and EuIII�phenol
(2.329 ä) in the heteronuclear cryptate 3 are shorter than
those in mononuclear cryptate 5 (2.529 and 2.360 ä,[30]

respectively), but the distance between the two bridgehead
nitrogen atoms in 3 (9.112 ä) is
longer than that in 5 (8.407 ä).
These observations indicate that
the EuIII center needs to fine-
tune its coordination environ-
ment to suit the coordination of
NiII, with the result that the
cryptand cycle is extended and a
shortening of the coordination
bonds of EuIII takes place.
The other end of the cavity is

occupied by Ni2�. Three �2-phe-
nolate-oxygen atoms and three
imino-nitrogen atoms are coor-
dinated to the Ni2� center, form-
ing a distorted octahedral config-
uration. The bond lengths of the
three Ni�N(imino) and three
Ni�O(phenol) bonds are in the
ranges 2.055 ± 2.104 ä and
2.091 ± 2.218 ä, respectively, and
the average angle of the three
EuIII-O(phenol)-NiII entities is
91.6�. The EuIII ¥ ¥ ¥ NiII distance
(3.2204 ä) shows that a weak
interaction exists between the
NiII and EuIII atoms. The Schiff-
base cryptand H3L is therefore a

versatile ligand, capable of encapsulating monometal or
heterodimetal ions.

Luminescence properties : Excitation of mononuclear crypt-
ate 5 and heteronuclear EuIII ±MII (M�Ca, Cd, Zn) cryptates
in MeCN with light of wavelenght 400 nm gives rise to the
characteristic emissions of the Eu3� ion, and their emission
spectra are essentially identical. By comparing the absorption
and luminescence excitation spectra of the four cryptates at

Table 3. The half wave potentials [V] of some EuIII cryptates in DMF
(NHE).

EuIII EuIII ± CdII EuIII ±NiII EuIII ± ZnII

5 2 3 4

E1/21 � 0.820 � 0.995 � 0.990 � 1.165
E1/22 ± � 1.148 � 1.520 � 1.785
E1/23 ± � 1.340 � 1.765 � 1.959

Table 4. Crystallographic data for [EuNiL(dmf)](ClO4)2 ¥MeCN.

formula C41H46Cl5N10O12EuNi
Mr 1258.80
crystal system monoclinic
space group P2(1)/c
T [K] 293(2)
a [ä] 19.6676(5)
b [ä] 11.8492(3)
c [ä] 21.5154(6)
� 98.0300(10)
V 4964.9(2)
F000 2536
Z 4
�calcd [gcm�3] 1.684
� [mm�1] 1.970
� range for data collection [�] 1.05��� 25.01
R(int) 0.0664
goodness of fit 1.196
number of data measured 20201
number of data with I� 2�(I) 8659
R1 (I� 2�(I)) 0.0716
wR2[a] [I� 2�(I)) 0.1452

[a] w� 1/[�2(F 2
o�� (0.03444P)2� 31.7350P], P� [F 2

o � 2F 2
c ]/3.

Figure 3. The crystal structure of the [EuNiL(dmf)]2� ion in 3. Selected bond lengths [ä] angles [�]: Eu�O(1)
2.340(6), Eu�O(2) 2.335(6), Eu�O(3) 2.313(5), Eu�O(4) 2.403(7), Eu�N(1) 2.653(8), Eu�N(2) 2.499(8),
Eu�N(3) 2.500(8), Eu�N(4) 2.477(8), Ni�O(1) 2.140(6), Ni�O(2) 2.218(6), Ni�O(3) 2.091(5), Ni�N(5) 2.104(8),
Ni�N(6) 2.055(8), Ni�N(7) 2.093(9); Ni-O(1)-Eu
91.8(2), Ni-O(2)-Eu 90.0(2), Ni-O(3)-Eu 93.9(2).
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about 400 nm, one evident similarity between them is that
they show energy transfer from an excited state to the EuIII

vibration level. All emissions arise from the 5D0 level
corresponding to the 5D0 � 7FJ (�J� 0, 1 ± 4) transition. The
positions of the bands do not change significantly on addition
of the second metal ion to the mononuclear cryptate, implying
that there is no change in the coordination environment of the
EuIII ion. The emission spectra of cryptates 1, 4, and 5 are
shown in Figure 4.

Figure 4. The emission spectra of a) mononuclear 5 (dash line) and 4 (full
line), b) 1; concentration: 4.0� 10�6 molL�1 in MeCN. The response of the
detector was corrected.

The weak bands at 580 nm (5D0 � 7F1) and the intense
bands around 613 nm (5D0 � 7F2) are magnetic dipole-
allowed and electric dipole-allowed transitions, respectively.
The emission intensities of the latter are sensitive to the
coordination environment of the EuIII ion. The intensities for
the 5D0 � 7F2 transition are much higher than those for
5D0 � 7F1, showing that these cryptates have no inversion
center. The bands around 655 and 700 nm were produced
from the transitions 5D0 � 7F3 and 5D0 � 7F4, respectively.
On comparing the fluorescence spectra of the mononuclear

cryptate 5with those of the heteronuclear cryptates, it is found
that the emission intensity of 5 is weaker than those of 2 and 4,
and close to that of 1. The intensity ratio of 2 or 4 to 5 is about
3:1. The order of increasing of emission intensities is in
agreement with that of quantum yields. The sequence is:
mononuclear�EuIII ± CaII�EuIII ±CdII�EuIII ± ZnII.

A broad band around 450 ± 575 nm corresponding to a
ligand-centered band is observed for each cryptate. The
ligand-centered band of cryptate 1 displays two maxima at 496
and 521 nm, which result from partial dissociation of calcium
ions in the solution, as proven by ES-MS. It is remarkable that
both the emission intensity and quantum yield of the ligand of
cryptate 1 are the highest among the heterodinuclear com-
plexes, but those of EuIII in 1 are lower than those of 2 and 4.
The quantum yield of the EuIII ion in cryptate 1 was close to
that of the mononuclear EuIII cryptate 5, implying that the
Ca2� ion made little contribution to the luminescence of EuIII

in 1, but made a contribution to that of the ligand. The light
absorbed by the ligand of 1 is therefore not converted
efficiently into light emitted by EuIII.
The quantum yields and lifetimes of cryptates at 613 nm are

listed in Table 5. Cryptate 4 has the highest quantum yield for
EuIII emission of the compounds studied. The ratio of 4 or 2 to
that of 5 is 1.90:1 or 1.73:1, indicating that the synergism of

ZnII or CdII ions with EuIII increased the efficiency of energy
transfer between the triplet level of the ligand and the 5D0

excited state of the EuIII ion. The enhancement of emission of
the Eu excited state resulting from the binding of ZnII or CdII

ions is likely to be related to suppression of photo-induced
electron transfer from the ligand to the Eu center. Such an
effect has been used to ™sense∫ zinc.[37] In addition, the EuIII

ion in cryptate 4 has the most negative potential obtained
from cyclic voltammetry. It is so difficult to reduce EuIII after
introduction of ZnII that deactivation is greatly decreased for
the 5D0 emitting level of EuIII.[17, 22] Moreover in [Eu-
(H3L)(NO3)(H2O)](ClO4)2 (5), the labile coordinated nitrate
ion and encapsulated water molecule in the macrocylcic cavity
were replaced in each case by a second metal ion which
prevented interaction of the EuIII ion with solvent molecules.
For cryptate 3, no emission bands of EuIII are observed. The

fluorescenece of 3 is quenched by energy transfer from the
excited EuIII to NiII through the bridging oxygen atoms
followed by a radiationless energy loss, as reported by
others.[38]

Recently, many investigations have been done on crypt-
ation-enhanced fluorescence to make chemosensors.[17, 31] We
use mononuclear EuIII cryptate as a receptor (host molecule)
and input a second metal ion as guest species into the host
molecule, resulting in a change in the fluorescence intensity of
EuIII. The intensities of EuIII can be tuned by the selective
introduction of metal ions into the receptor. Herein, long
wavelength excitation was used, one of the longest used to

Table 5. Luminescence quantum yields and lifetimes of some EuIII

cryptates in MeCN at 293 K.[a]

Cryptate �EuIII�102 �L� 102 � [ms][b]

1 1.50 3.74 0.45
2 2.46 0.43 0.46
4 2.76 0.32 0.29
5 1.42 0.91 0.29

[a] Experimental errors of � and � are 10% and 0.01 ms, respectively. The
data are averages of at least three independent determinations. [b] The
lifetimes were measured at 613 nm.
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date. Because the excitation wavelength used is below
320 nm, direct application of such systems is clearly preclud-
ed.[39] Such a cryptand-based fluorescence system might be
useful for the development of photonic devices and metal ion
sensors in the future.

Conclusion

Four new heterodinuclear cryptates [EuML(dmf)](ClO4)2
(M�Ca, Cd, Ni, Zn) were synthesized by a two-step method.
[Eu(H3L)(NO3)(H2O)](ClO4)2 is used as the precursor. The
[EuCaL]2� ion acted as an intermediate in the reaction
process, being formed by the addition of CaH2 to the reaction
solution to adjust the pH value. ES-MS shows that the
[EuCaL]2� ion is unstable and labile toward dissociation and
replacement of the Ca2� ion. X-ray analysis indicates that a
strict dinuclear EuIII ±NiII entity exists in the cryptates. After
the formation of EuIII ±NiII cryptate, the Eu�N(imino) and
Eu�O(phenol) bond lengths are shortened because the
environment surrounding the EuIII ion was slightly modified
to suit the coordination of the Ni2� ion.
The introduction of a second metal ion into the mono-

nuclear EuIII cryptate resulted in a blue shift of the three
ligand-centered bands and a small increase in the molar
absorption coefficients. In addition, a negative shift of the
redox potential of EuIII, and a change in luminescence
intensity of EuIII took place. It is remarkable that the
introduction of the Ni2� ion led to quenching of the EuIII

emission by energy transfer from the excited EuIII to NiII.
Conversely, introduction of Zn2� or Cd2� into mononuclear
EuIII cryptate led to a threefold increase of the luminescence
intensity of EuIII. However, the introduction of Ca2� led to a
clear increase of the emission of ligand-centered bands, but
the emission of EuIII hardly changed because the light
absorbed by the ligand was not converted efficiently into
light emitted by EuIII in presence of Ca2�. The order of
increase in quantum yield of EuIII is: mononuclear� Eu±
Ca�Eu±Cd�Eu±Zn.

Experimental Section

Materials : Eu(NO3)3 ¥ 6H2O was prepared by dissolving Eu2O3 (99.99%) in
an excess of nitric acid; tris(2-aminoethyl)amine and 2,6-diformyl-4-
chlorophenol were prepared by literature methods.[40] Acetonitrile for the
fluorescence study was dried by treatment with CaH2 and distilled over
P2O5. The [Ru(bipy)3]Cl2 used as a standard material in the quantum yield
measurement was synthesized according to a literature procedure[41] and
recrystallized twice from doubly distilled water. The quantum yield was
checked against rhodamine B[42] and found to be in accord with the
literature value.

Physical measurements : C, H, and N elemental analyses were performed
on a Perkin-Elmer 240c analytical instrument. Themetal ± element analysis
was performed on a POEMS (II) (ICP-MS) instrument. The molar
electrical conductivities of the complexes (10�4 molL�1) in DMF were
measured at 25 �C� 0.1 �C using a BSD-A conductmeter. The IR spectra
were recorded as KBr discs using a Nicolet 5 DX FTIR spectrophotometer.
Electronic spectra were recorded on a UV-3100 spectrophotometer. The
electrospray mass spectra were determined on a Finnigan LCQ mass
spectrometer, the concentration of the samples being about 1.0 �molL�1.
The diluted solutions were electrosprayed at a flow rate of 5�

10�6L�1min�1 with a needle voltage of �4.5 KV. The mobile phase was
methanol.

Cyclic votammetry experiments were performed on a PAR Model 273
potentiostat coupled to a PAR Model 175 universal programmer. A three-
electrode system was used in all experiments. A glassy carbon electrode
was employed as the working electrode, Ag ±AgCl as reference electrode
and a platinum coil wire as auxiliary electrode. Ferrocene was used as the
internal standard. It has been proposed that the oxidation of ferrocene to
the ferrocenium ion occurs at the same potential in some solvents. In water
the process occurs at �0.400 V versus NHE or at 0.160 V versus SCE.[43]
Experiments were performed under a purified nitrogen atmosphere at 25�
0.1 �C. The complex concentrations were 1.5� 10�3 molL�1 in 0.1 molL�1

TBAP (tetrabutylammonium perchlorate) DMF solutions. The solutions
were deaerated for about 15 min before applying the voltage. The half wave
potentials E1/2 were calculated approximately from (Epa � Epc)/2 and the
error in the measured potential was �2 mV. Unless otherwise stated, all
potentials reported are referenced to NHE.

Luminescence measurements : Luminescence spectra were measured with
an AB2 spectrafluorometer. In measurements of emission and excitation
spectra the band pass was 5.0 nm. The quantum yield of EuIII complexes
was measured by using a relative method with [Ru(bipy)]Cl2 as the
standard. Its quantum yield is 0.042 in aqueous solution at 20 �C.[44] The
quantum yields of the EuIII complexes were calculated from Equation (1),
where� is the quantum yield, subscript s stands for the reference and x for
sample, A is the absorbance at the excitation wavelength (400 nm), n is the
reference index (1.343 for MeCN solution and 1.344 for aqueous solution)
andD is the emission integrated area in the emission range of 575 ± 725 nm.

�x/�s� [AS/Ax][nx2/ns2][Dx/Ds] (1)

The sample absorbances (Aex) at the excitation wavelength were kept as
low as possible to avoid fluorescence errors (Aexc� 0.09 ± 0.11). The
solutions, containing complexes at concentrations of about 2.0�
10�6 molL�1, were deoxygenated with a stream of super-pure nitrogen for
15 min.

The fluorescence lifetimes of the complexes at 613 nm were measured by
using a laser-induced fluorescence method. The excitation source is a
Q-switched Nd:YAG laser with a pulse-width of 10 ns and a repetition rate
of 10 Hz. The samples were excited at a wavelength of 355 nm and
fluorescence signals were aggregated into a 0.6 m monochromator using a
lens. Detected data were averaged on a 500 MHz digital real-time
oscilloscope (Tektronix, TDS 620B).

Crystal structure determination : Single crystals of [EuNiL(dmf)](ClO4)2 ¥
MeCN (3) were obtained by a slow diffusion of diethyl ether vapor into a
solution of the cryptate in acetonitrile for one week. Diffraction data were
collected on a Siemens Smart/CCDC area-detector[45] with monochromat-
ed MoK	 (�� 0.71073 ä) radiation using � and 
 scans. The collected data
were reduced by using the program SAINT and empirical absorption
correction was done using the SADABS[46] program. The structure was
solved by direct methods. All non-hydrogen atoms were refined anisotropi-
cally by full-matrix least-squares methods. Hydrogen atoms of the ligands
were placed in their calculated positions with C�H� 0.93 ä. All hydrogen
atoms were assigned fixed isotropic thermal parameters (1.2 times the
atoms to which they were attached) and were allowed to ride on their
respective parent atoms. The contribution from these hydrogen atoms was
included in structure-factor calculations. All computations were carried out
using the SHELXTL-PC program package.[47]

CCDC-189333 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.can.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Centre,
12 Union Road, Cambridge CB21EZ, UK; Fax: (�44)1223-336033; or
deposit@ccdc.cam.ac.uk).

Syntheses of the cryptates

[EuCaL(dmf)](ClO4)2 (1): [Eu(H3L)(NO3)(H2O)](ClO4)2 (5; see below)
(0.120 g, 0.1 mmol) was dissolved in methanol (15 mL) with a small amount
of DMF (1.0 mL). Solid CaH2 (0.012 g, 0.3 mmol) was added to the
solution, and the resultant solution was stirred for 30 min, and then filtered.
The light yellow microcrystals of 1 were obtained by evaporating the
filtrate at room temperature. Yield: 0.079 g, 65%; IR (KBr): �� � 1648 (s,
C�N), 1542 (s, C�O), 1090 (s, ClO4

�), 625 cm�1 (m, ClO4
�); 
m (DMF,
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298 K): 140 Scm2mol�1; elemental analysis calcd (%) for C39H43Cl5N9O12-

CaEu: C 39.06, H 3.62, N 10.51, Eu 12.67, Ca 3.34; found: C 39.38, H 3.79, N
10.62, Eu 12.89, Ca 3.49.

[EuCdL(dmf)](ClO4)2 (2): The mononuclear europium(���) cryptate 5
(0.120 g, 0.1 mmol) was dissolved in methanol (15 mL) with a small
amount of DMF (1.0 mL). After the addition of an excess of solid CaH2 and
stirring for 2 h, the pH of the solution changed to 7 ± 8. Calcium(��)
perchlorate (0.031 g, 0.1 mmol) was added to the solution and the mixture
was refluxed for about 4 h. The solution was concentrated until the red
product formed. Yield: 0.077 g, 60%; IR (KBr): �� � 1643 (s, C�N), 1541 (s,
C�O), 1089 (s, ClO4

�), 625 cm�1 (m, ClO4
�); 
m (DMF, 298 K):

142 Scm2mol�1; elemental analysis calcd (%) for C39H43Cl5N9O12CdEu: C
36.82, H 3.41, N 9.91, Cd 8.84, Eu 11.95; found: C 36.72, H 3.54, N 9.80, Cd
8.76, Eu 11.98.

[EuNiL(dmf)](ClO4)2 ¥ MeCN (3): This compound was synthesized by
methods similar to those used in the synthesis of 2. Yield: 0.057 g, 45%; IR
(KBr): ƒ� 1645 (s, C�N), 1541 (s, C�O), 1089 (s, ClO4

�), 625 cm�1 (m,
ClO4

�); 
m (DMF, 298 K): 145 Scm2mol�1; elemental analysis calcd (%)
for C41H46Cl5N10O12EuNi: C 39.12, H 3.69, N 11.13, Eu 12.07, Ni 4.66;
found: C 39.25, H 3.76, N 10.89, Eu 11.89, Ni 4.78.

[EuZnL(dmf)](ClO4)2 ¥ MeCN (4): This compound was synthesized by
methods similar to those used in the synthesis of 2. Yield: 0.073 g; 58%; IR
(KBr): �� � 1645 (s, C�N) 1541 (s, C�O), 1089 (s, ClO4

�), 625 cm�1 (m,
ClO4

�); 
m (DMF, 298 K): 145 Scm2mol�1; elemental analysis calcd (%)
for C41H46Cl5N10O12EuZn: C 38.79, H 3.66, N 11.03, Eu 11.97, Zn 5.46;
found: C 39.25, H 3.76, N 10.89, Eu 11.89, Zn 5.34.

[Eu(H3L)(NO3)(H2O)](ClO4)2 (5): This compound was synthesized as
described in reference [30].
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