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The europium complex [EuCl2(bpy)2(H2O)2]Cl · 1.25 C2H6O · 0.37 H2O, where bpy is 2,2’-bipyridine,
was synthesized and investigated with the aim to relate its molecular geometry and crystal packing to
the efficiency of energy-transfer processes. The presence of H-bonds between noncoordinated Cl� ions
and coordinated H2O molecules leads to the formation of discrete trimers assembled by a number of
C�H ··· Cl and stacking interactions into �supramolecular balls� which contain Cl� ions and solvate
molecules (H2O and EtOH). The additional stabilization of the complex is due to intramolecular N ··· C
interactions between two bpy ligands that causes some shortening of the Eu�N bonds. Deciphering the
luminescence properties of the Eu complex was performed under consideration of both the composition
of the inner coordination sphere and the peculiarities of the crystal packing. The influence of the latter
and the bpy orientation on the energy of the ligand!Eu charge-transfer state (LMCT) was established,
and an additional excited state induced by the p-stacking interaction (SICT) was identified.

Introduction. – Weak noncovalent forces (H-bonding, coordination bonds, electro-
static and charge-transfer attractions, aromatic p-stacking interaction, etc.) are the
subject of intensive study as a new approach of developing materials science [1]. In
coordination chemistry, these weak interactions are important in determining the
conformations, the selectivities of the reactions, and the crystal structures of metal
complexes [2]. The p – p and CH – p interactions are noncovalent forces which
contribute to self-assembly and/or recognition processes when extended structures are
formed from building blocks with aromatic moieties [3]. Recently it has been reported
that the photophysical properties of transition-metal complexes are affected by
intermolecular p – p and CH – p interactions [4]. The introduction of rare-earth metals
into self-assembling molecular architectures can lead to the design of advanced
luminescent materials. The unique ability of the rare-earth metals to emit well-defined
narrow bands in different spectral ranges from VIS to near-IR with relatively long
lifetimes and high quantum yields [5] makes them perfect candidates for many fields of
materials science. In spite of the fact that numerous lanthanide complexes have been
intensively studied to find a method to manage the efficiency of photophysical
processes, many questions of the influence of the supramolecular structure on the
properties of the lanthanide systems are still open, and no systematic studies of the
effect of noncovalent interactions on photophysical properties have been performed.

The 2,2’-bipyridine (bpy) is a well known ligand of highly luminescent complexes
with transition and rare-earth metals. In the former case, diimine complexes of
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transition metals serve as effective sensitizers for photochemical reactions involving a
net electron transfer [6]. In the latter case, the intense absorption band of bpy in the
near-UV region and the ability to efficiently transfer energy onto the Ln excited states
(antenna effect [7]) lead to an effective intramolecular energy-transfer process [5] [8].
Moreover, there is a great interest in heterometallic d-f complexes containing bpy in
which the strong absorption of light by metal-to-ligand charge-transfer (MLCT)
transitions associated with d-block fragments (typically of RuII, OsII, ReI, or PtII) is used
to sensitize luminescence from rare-earth ions with low-energy f-f excited states [9].
Another interest of 2,2’-bipyridine is due to its ability to form p – p stacking dimers or
oligomers, as well as other supramolecular architectures, by weak ligand – ligand,
cation – anion, and anion – anion interactions [3]. It was found that these interactions
can noticeably influence both the photophysical properties of the resulting edifices by
creating additional excited states and the formation of nanoparticles, even [2] [10] [11].

Thus, the purpose of the current research was to elucidate some correlations
between the photophysical properties of the europium system and the supramolecular
architecture which is formed by noncovalent interactions by means of the example of
europium chloride with 2,2’-bipyridine. Recently an isomer series of lanthanide
chlorides with bpy was investigated [12], but the presented complex [EuCl2(bpy)2-
(H2O)2]Cl · 1.25 C2H6O · 0.37 H2O (1) was characterized only by X-ray crystal-diffrac-
tion since the obtained quantity of complex was unsufficient. The further developing of
both the method and the conditions of crystallization now allowed to overcome this.
The published isomers are highly luminescent and exhibit a row of peculiarities of the
energy-transfer process, including the participation of a ligand-to-metal charge-transfer
(LMCT) state and a stacking-induced charge-transfer (SICT) state in the sensitization
of LnIII luminescence. Therefore, the in-depth investigation of one example of this
series is practically important for a thorough understanding of the energy-transfer
processes in Ln systems which are self-assembled by noncovalent interactions. Since
bpy is a part of numerous luminescent systems, the photophysical properties of its
crystals were studied as well.

Results and Discussion. – In view of the below consideration of the influence of the
molecular geometry and crystal packing on peculiarities of the luminescence spectra
and energy-transfer processes, some distinct structural differences between the
complexes [EuCl2(bpy)2(H2O)2]Cl · 1.25 C2H6O · 0.37 H2O (1) and [EuCl2(bpy)2-
(H2O)2]Cl (2) are presented first.

Molecular Structure and Crystal Packing. According to X-ray diffraction data [12],
the complex 1 crystallizes with solvate molecules of H2O and EtOH (Fig. 1, Table 1).
The EuIII is coordinated by four N-atoms of two bpy ligands, two Cl-atoms, and two O-
atoms of coordinated H2O. The europium coordination number is 8. The coordination
geometry can be described as a distorted square antiprism both bases of which are
composed of one Cl� ion, one H2O molecule, and one bpy ligand. Although the
complex is formally characterized by C2 symmetry, the Eu-ion in the crystal occupies
the general position, and its symmetry is C1. The distortions of the coordination
polyhedron are almost negligible in complex 1. Indeed, the mean displacement of
atoms from the antiprism bases and dihedral angle between the bases are 0.01 – 0.06 �
and 0.38, respectively. These distortions are more pronounced in 2, where the mean
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displacement of atoms from the antiprism base and dihedral angle between the bases
are 0.18 � and 9.88, respectively.

The main peculiarity of complex 1 is that the bpy ligands are located directly under
each other with the shortened intramolecular N(2A) ·· · C(1’) contact equalling
3.572(2) �, while in other chloro complexes, the bpy are positioned in opposite
directions [12]. The intramolecular N ··· C interactions between the two bpy ligands
cause some shortening of the Eu(1)�N(2A) and Eu(1)�N(2’) distances with respect to
the Eu(1)�N(2) and Eu(1)�N(2A’) ones. It should be noted that the same intra-
molecular contacts in bpy complexes was observed only for lanthanide nitrates
according to the database of the Cambridge Crystallographic Data Center.

In complex 1, H-bonds lead to the formation of discrete trimers (Fig. 2) assembled
by a number of C�H ··· Cl contacts and stacking interactions into �supramolecular
balls� which domain Cl� ions and solvate molecules (H2O and EtOH). The 3D-
framework formed by the O�H ··· Cl and stacking interactions in the crystal of 1 is
presented in Fig. 2 (right). The possible reason of such an unusual �zeolite-type�
packing in 1 is the presence of EtOH solvate molecules or more precisely, aggregates of
EtOH with noncoordinated Cl� ions [Cl(EtOH)4]� , that are situated with in the
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Fig. 1. General view of the cations of 1 (left) and 2 (right) according to [12]. Arbitrary atom numbering.

Table 1. Selected Bond Lengths in the Europium Complexes 1 and 2 [12]

1 2 Average bond lengths [�]

Eu(1)�O(2) 2.405(3) Eu(1)�O(1) 2.398(2) Eu�Cl 2.714 2.710
Eu(1)�O(1) 2.417(3) Eu�O 2.411 2.398
Eu(1)�N(2A) 2.551(3) Eu�N 2.587 2.599
Eu(1)�N(2’) 2.586(3) Eu(1)�N(2) 2.613(3)
Eu(1)�N(2A’) 2.602(3) Eu(1)�N(2’) 2.586(2)
Eu(1)�N(2) 2.608(3)
Eu(1)�Cl(2) 2.7074(9) Eu(1)�Cl(1) 2.7097(8)
Eu(1)�Cl(1) 2.7208(9)



relatively big channels (ca. 6� 15 �). Thus, we may propose that addition of other
alcohols with longer alkane chains can be a way to vary the supramolecular
organization of europium-containing cations.

Some differences between complexes 1 and 2 concerning the features of net charge
distribution should be noted. In 2 coordinated Cl� ions participate in H-bonds only with
coordinated H2O molecules. Taking into account that coordinated H2O molecules are
characterized by a negative total charge [11], we may expect that such a type of H-
bonds, i.e., O�H ··· Cl, will reduce the charge transfer from the Cl� ion to H2O. This
assumption coincides well with the decrease of the Eu�Cl bond lengths in 1 and 2
(Table 1). At the same time, we cannot exclude the possible role of a noncoordinated
Cl� ion, which in the case of 1 participates in H-bonds only with coordinated H2O
molecules and thus can decrease the positive charge of the cationic species.

Metal-Centered Luminescence. Upon excitation at 330 nm, the emission spectra of
complex 1 (77 and 300 K) show the typical narrow bands corresponding to the EuIII

5D0! 7FJ (J¼ 0 – 4) transitions (Fig. 3). Both spectra are quite similar, and the slightly
worse spectrum resolution at 300 K is caused by temperature-dependent line broad-
ening. The luminescence spectrum formed by the transitions from the 5D1 level of EuIII

was also detected (Fig. 4).
The intensities and Stark splittings of the 5D0! 7FJ transitions are influenced by the

strength and symmetry of the ligand field. Although the symmetry of the first
coordination sphere gives the main contribution to this field, also outer-sphere
interactions have to be taken into account [13]. The role of the latter interactions and
net charge distribution increases in complexes which are similar to 1, due to the
presence of the H-bond system between noncoordinated and coordinated Cl� ions and
H2O molecules.
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Fig. 2. Fragments of H-bonded trimers in 1 (left) and 3D-framework of 1 (right). In both views,
disordered solvate molecules as well as [Cl(EtOH)4]� aggregates that serve as the filling of the cavities

are omitted for clarity.
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Fig. 3. Luminescence spectra of a) 1 at 300 K, b) 1 at 77 K, and c) 2 at 77 K. The arrows denote the
regions of vibronic sidebands.

Fig. 4. Luminescence spectrum of 1 in the region of the 5D1! 7FJ transitions at 77 K



A forbidden 5D0! 7F0 transition of EuIII situated at 581 nm (Fig. 3) cannot be split
by the ligand field and, therefore, serves as a probe of the number of nonequivalent
luminescence centers. This transition is nondegenerated in complex 1 that indicates the
presence of only one type of Eu environments in the crystal. A magnetic-dipole 5D0!
7F1 transition of 1 centered at 593 nm is largely independent of the EuIII chemical
environment. An electric-dipole 5D0! 7F 2 transition with the most intense Stark
component at 613 nm is extremely sensitive to the symmetry of the coordination sphere
and called �hypersensitive�. The ratio of the integrated intensity of the 5D0! 7F 2

transition to the one of the 5D0! 7F1 transition is a measure for the symmetry of the
coordination sphere [14]. In a centrosymmetric environment, the magnetic-dipole
5D0! 7F1 transition is dominating and the above-mentioned ratio < 1, while the
distortion of the symmetry around the metal center causes an intensity enhancement of
the 5D0! 7F2 transition. In complex 1, this ratio is 3.6 indicating a significant deviation
from an inversion center. Interestingly, the luminescence spectrum of 2 which is an
isomer of 1 (Fig. 3) has a remarkably higher ratio of the integrated intensities of the
5D0! 7FJ transitions (J¼ 2, 4) to one of the 5D0! 7F1 transition and three Stark
components in the 5D0! 7F2 transition instead of two ones observed in this transition
for complex 1. These facts reveal that the deviation from an inversion center in 2 is
more pronounced than in 1.

Due to the shielding of the 4f orbitals from the environment by an outer shell of 5s
and 5p electrons, the values of the crystal-field splittings are as small as 120, 260, and
340 cm�1 for the 7FJ states where J¼ 1, 2, and 4, respectively. Interestingly, the general
splitting of the 7F4 manifold is remarkably larger in 2 (360 cm�1) than in 1, which can be
produced by a different charge distribution around EuIII. In complex 2, there is a
noncoordinated Cl� ion with the Eu�Cl� distance of 4.26 �, which is absent in 1 where
all noncoordinated Cl� ions are situated further away from EuIII than 5 � [13]. The
number of Stark components is 1, 3, 2, 2, and 5 vs. the maximum possible ones of 1, 3, 5,
7, and 9 for the 7FJ levels (J¼ 0 – 4), respectively. Therefore, the site symmetry of the
EuIII in 1 could be considered as a low point group not higher than C2v. Potentially, the
high intensity of the first Stark component of the 5D0! 7F2 transition (613 nm, ca. 30%
of the total integrated intensity, hwfw (full width-at-half-height)¼ 80 cm�1) can
successfully be used for obtaining a relatively high color purity. The luminescence-
decay curves obtained from time-resolved luminescence experiments could be fitted
monoexponentially with time constants in the range of microseconds. The lumines-
cence lifetime of the 5D0 level of 1 at 77 K and 300 K is 0.37� 0.02 and 0.35� 0.02 ms,
respectively. These values are in line with the presence of four O�H oscillators (two
H2O molecules) in the EuIII coordination sphere, in accordance with the X-ray
diffraction data.

To perform a complete assignment of the Stark components and to exclude the
possible mixture of them with vibronic satellites, the latter ones were analyzed as well.
Vibronic sidebands are associated with electronic transitions, which could be analyzed
in terms of metal-to-ligand bond strength. The vibronic sideband of the 5D0! 7F 0

transition (region 580 – 590 nm (17240 – 16950 cm�1)) is formed mostly by the intense
bands assigned to n(Eu3þ�Cl�) vibrations but the contribution of n(Eu3þ�O) is also
possible. These vibrations have the same frequencies as those observed for 2 (130,
215 cm�1) [12], which is in line with the similar Eu�Cl and Eu�O bond lengths in both
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complexes (Table 1). Other intense vibronic sidebands are observed in the low-
frequency region of the 5D0! 7F 2 and 5D0! 7F3 transitions (630 – 650 nm (15900 –
15400 cm�1) and 660 – 690 nm (15150 – 14550 cm�1), respectively). The frequencies of
560 (d (CH) out-of-plane), 795 (d (ring) in-plane), and 1440 and 1495 cm�1 (n (C¼C),
(C¼N), d (CH)) [15] are presented in these sidebands. The final list of electronic
sublevels of the 7FJ (J¼ 0 – 4) manifold based on the analysis performed is presented in
Table 2.

Energy-Transfer Process. As the first step, the photophysical properties of bpy
crystals were considered. The fluorescence and phosphorescence spectra of bpy crystals
are given in Fig. 5. The energy of the singlet excited state (S1) and the triplet state (T)
of bpy determined from the 0 – 0 transition amounts to 330 nm (30300 cm�1) and
470 nm (21200 cm�1), respectively. The band assigned to the excited singlet state has a
fine structure with vibronic progression of ca. 1300 cm�1, probably attributable to an in-
plane deformation vibration of the bpy rings (d (ring) in-plane) [15]. Although bpy is a
well known molecule, the direct measurement of the excited-state lifetimes (tS, tT) by
time-correlated single-photon counting (TCSPC) is lacking. The lifetimes of the
fluorescence and phosphorescence measured with TCSPC are 3.4� 0.2 ns and 300�
5 ms, respectively, for bpy crystals.
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Fig. 5. Fluorescence (left) and phosphorescence (right) spectra of bpy crystals

Table 2. Crystal-Field Splitting of the 7FJ Levels and Their Barycenters (bc)

2Sþ1LJ Ea) [cm�1] B [cm�1] 2Sþ1LJ Ea) [cm�1] B [cm�1]

7F1 296 354 7F 3 1863 1898
349 1945
416 7F 4 2677 2843

7F 2 879 995 2761
906 2834

1063 2926
1132 3018

a) Energy calculated from the 5D0 level.



The luminescence sensitization in lanthanide-containing systems by the energy
transfer from ligand excited states to the resonance states of LnIII can occur in different
ways. The favorite mechanism, simplified, involves ligand excitation by the absorption
of UVenergy to an excited singlet state, followed by energy migration via nonradiactive
intersystem crossing to a ligand triplet state (DE1¼E(S1) – E(T)) and energy transfer
from the triplet state to a resonance state of the Ln3þ ion, from which the emission
occurs (DE2¼E(T) – E(5DJ), where J¼ 0 for the Eu3þ) [16]. In principal, direct
transfer from the singlet S1 state is also possible but seems to be less important for EuIII

than for TbIII [17]. Moreover, in the case of EuIII complexes, a photon-induced electron
transfer (LMCT) may also play a role in the deactivation of the singlet excited state.
Indeed, instead of radiative decay to the ground state, or intersystem crossing to the
triplet state, an electron is transferred to the EuIII center upon excitation of the antenna
into its singlet excited state, resulting in the transient formation of an antenna radical
cation and EuII [18]. One of the reasons for the possible occurrence of this competing
process is the low reduction potential of EuIII in comparison with other trivalent
lanthanide ions [19]. Therefore, there is no doubt that the singlet and triplet states of
the ligand as well as the LMCT state play an important role for an effective energy
transfer in europium systems.

Since the Gd3þ ion has no energy levels below 310 nm (32000 cm�1), it can be used
for the energy estimation of the excited states of coordinated ligands. The energy of the
singlet excited state (S1) of 330 nm (30300 cm�1) of bpy was determined from the 0 – 0
transition which is clearly observed in the luminescence spectrum of the Gd complex
with bpy at 300 K (Fig. 6). The luminescence spectrum of this Gd complex at 77 K
shows a strong phosphorescence band near to weak fluorescence band. The energy of
the lowest triplet state (T) of 455 nm (21980 cm�1) was determined from the 0 – 0
transition in the phosphorescence spectrum (Fig. 6). The excited triplet state displays a
fine structure with vibronic progression of ca. 1150 cm�1 probably attributable to the
deformation vibrations of CH groups (d(C�H)) [15]. Interestingly, the phosphor-
escence band of 1 has slightly shifted to the blue (ca. 700 cm�1) in comparison with the
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Fig. 6. Fluorescence (left) and phosphorescence (right) spectra of the Gd complex with bpy



phosphorescence band of the free bpy. It can be caused by the exchange of the s-trans-
to the s-cis-bpy isomer upon coordination by Eu3þ along with a deviation of bpy from
planarity and an overlap of the p-systems of the pyridine rings due to an intramolecular
interaction between the two coordinated bpy ligands. Additionally, the presence of
emission from the 5D1 state which converts nonradiatively into the 5D0 state and
radiatively to the 7FJ manifold (Fig. 4) is logical for the sensitized EuIII emission when
the donating triplet level of bpy is above the 5D1 level of EuIII. The latter is in line with
the value measured for the triplet state energy. The lifetimes of the fluorescence and
phosphorescence measured with TCSPC for the Gd complex with bpy are 3.2� 0.1 ns
and 25� 2 ms, respectively.

Scanning the excitation wavelength while monitoring the intensity of the EuIII

emission at 613 nm (the strongest component of the 5D0! 7F2 transition) shows which
transitions from the ground-state directly or indirectly lead to population of the 5D0

state of EuIII. The excitation spectra of the EuIII complex display, in addition to the
narrow f-f transitions (5L6 7F0, 5D2,1,0 7F0, Fig. 7), a broad band extending from 265
to 450 nm with an intense component at 335 nm (29850 cm�1), two smaller ones at ca.
360 (27780 cm�1) and 375 nm (26740 cm�1), and a weak shoulder with long-wavelength
edge at ca. 450 nm (22200 cm�1). To distinguish these bands, the multi-peaks fit
procedure was performed, and three states were found (Fig. 8). The first 335 nm-band
is attributed to the first excited S1 state [12]. Clarification of the origin of the two other
bands comes from the analysis of the excitation spectrum of complex 2 according to
which they correspond to the LMCT state (375 nm) with broadened vibronic structure
(a case of medium electron – phonon interaction). The observed frequency of ca.
1010 cm�1 is attributed to the �breathing� symmetric vibrational mode of the bpy rings.
The last band with long-wavelength edge at ca. 450 nm can be tentatively assigned to an
intraligand charge-transfer state induced by a stacking interaction (SICT) state. Owing
to the superposition of several excited states, the maximum of the band corresponding
to the SICT state in 1 is covered. However, a similar state with a maximum at ca.
370 nm (27030 cm�1) has been previously identified in the analogous series of
complexes, with bpy and phen [11] [12]. In these complexes strong p-stacking
interaction between heterocyclic diimine ligands causes a charge redistribution in
these ligands, and as a result, an intraligand charge-transfer state was observed in the
excitation spectra. It is noteworthy that the presence of the SICT state was established
by both the analysis of the experimental charge-density distribution [11] and time-
dependent density-functional-theory (TD-DFT) calculations [12]. By the latter it was
demonstrated that i) the C ··· C separation affects the SICT-state energy to a greater
degree than the overlap area of the aromatic rings, and ii) the stronger stacking
interaction leads to a lower energy of the SICT. In complex 1, the C ··· C separation is
even shorter than in 2 (3.325 vs. 3.373 �), this correlates well with the long-wavelength
edge of the proposed SICT state.

Surprisingly, in spite of the quite similar bond-length distribution in complexes 1
and 2 including the Eu�Cl ones, the energy of their LMCT states is remarkable
different (D¼ ca. 35 nm (2670 cm�1)). Taking into account the electronegativity of
EuIII, uncorrected for spin correlation, cuncorr(Eu)¼ 1.99 [20] and ECTS� 30000 ·
[copt(X) – cuncorr(Eu)] cm�1 [21], the optical electronegativity of the ligand copt in 1
amounts to 2.88. The same parameter equals 2.97 in 2. The last value is quite similar to
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Pauling�s electronegativity for chlorine (3.0), and charge transfer from Cl� to EuIII

causes mainly the LMCT state. This assignment is also confirmed by structural data of
2. Firstly, the presence of the H-bonds between the coordinated Cl� ions and
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Fig. 7. Excitation spectra of a) 1 at 300 K, b) 1 at 77 K, and c) 2 at 77 K

Fig. 8. The multi-peaks fit procedure for the excitation spectrum of 1 at 77 K



coordinated H2O molecules in 2 leads to short the Eu�Cl bonds (ca. 2.71 �). Secondly,
the noncoordinated Cl� ions participate in H-bonds only with coordinated H2O
molecules, which results in a decrease in the positive charge of the metal ion. Therefore,
it is reasonable that the LMCT state is formed mostly by the Cl�!Eu3þ charge
transfer. Taking into account that the H-bonding pattern in the �supramoleculer balls� is
almost the same (Fig. 2) as in 2 as well as the Eu�Cl bond lengths, the decreasing copt in
complex 1 seems to be caused by the charge redistribution originating from the special
position of the bpy ligands (the short contact between the bpy can lead to
intramolecular interaction). Additional confirmation of the participation of the bpy
ligands in the charge transfer producing the LMCT state at 375 nm is the appearance of
the �breathing� vibration of the bpy rings in the vibronic sideband of this state. It is
worth stressing that the copt found is the electronegativity of the whole EuIII

environment in complex 1. Hence the unique properties of the EuIII system presented
provide an unusual opportunity to detect experimentally the LMCT state with the
vibronic wing and shed more light on the influence of the whole chemical environment
of the EuIII on the energy of this state.

Normalizing the excitation spectra with respect to the integrated intensity of the
magnetic dipole 5D1 7F0 transition allows one to estimate the relative efficiency of
excitation through absorption bands of ligands vs. direct f-f excitation and indicates the
remarkably reduced efficiency in 1 vs. 2 at 77 K. This fact is in line with the excitation
deactivation via the lower-lying LMCT state in 1. The intrinsic quantum yield of the
EuIII-centered emission QEU

EU¼ 15% calculated by means of Werts� formula [22]1) has
the same trend and is lower in 1 in comparison with 2 (QEU

EU¼ 22% [12]).
The information gained from the above analysis of the energy-transfer processes

may be summarized as follows. The energy differences between the S1 and LMCT, and
S1 and T states of 1 amount to 3100 and 7850 cm�1, respectively. The latter difference
(DE1) remarkably exceeds the optimum value which should be ca. 5000 cm�1 for
effective intersystem conversion [23]. The former difference also cannot be considered
as intermediate �stair� promoting effective intersystem conversion as in the case of
complex 2 [12]. The LMCT state probably competes with the intersystem conversion to
the triplet state in complex 1. In general, the deactivation of the LMCT state does not
result in the population of the EuIII 5D1 excited state, and a photon-induced electron-
transfer process reduces the overall luminescence quantum yield [24]. However, the
presence of the SICT state with a long-wavelength wing until 450 nm can promote the
preservation of efficient intersystem conversion to the triplet state (E(T)¼ 455 nm).
The energy difference between the T and 5D0 levels (DE2¼ 4760 cm�1) is also out of the
optimum range, but taking into account the presence of emission from the 5D1 level, the
energy gap became much more near to optimum (DE2¼ 2980 cm�1). In such a way, the
data presented clearly demonstrate that crystal packing as well as molecular geometry
influence the energy of the LMCTand SICT states and, as a consequence, the efficiency
of energy-transfer processes in Eu-containing system.
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1) QEu
Eu ¼ tobs=tR ¼ tobs �AMD;0 � n3 � ðItot=IMD;0Þ, where AMD,0 is a constant spontaneous emission

probability (14.65 s�1 for EuIII), n the refractive index, Itot the total area of the emission spectrum
(5D0! 7FJ, J¼ 0 – 6), and IMD,0 the 5D0! 7F1 band area. The refractive index was taken as 1.5 for all
cases.



Conclusions. – The detailed analysis of the photophysical properties of the EuIII

complex 1 with Cl� and two 2,2’-dipyridine ligands in the inner coordination sphere
assembled into �supramolecular balls� containing uncoordinated Cl� and solvate mole-
cules allowed us to decipher the influence of structural peculiarities and crystal-packing
effects on these properties. The strength and symmetry of the crystal field in complex 1
is significantly different from the ones in the isomeric complex 2 having a completely
similar coordination sphere with only one exception, namely a different orientation of
the bpy ligands relative to each other in 1 promoting the interaction between them.

The photophysical processes leading to the sensitized luminescence of EuIII in
complex 1 correlate well with the structure and the peculiarities of the chemical-
bonding pattern both in the inner and outer coordination spheres. As a consequence,
two additional excited charge-transfer states were found, namely a ligand-to-metal and
a stacking-induced charge-transfer state (LMCT and SICT, resp.). The pronounced p-
stacking interaction observed in 1 causes a redistribution of the charges on the bpy
ligands and leads to the appearance of the SICT, the energy of which correlates with the
strength of the p-stacking interactions. The energy determined for the LMCT state
witnesses that not only Cl� ions contribute to this charge transfer but also the bpy
ligands owing to their specific orientation.

The now established influence of the EuIII chemical environment and supra-
molecular organization in Eu-containing systems on efficiency of energy transfer
processes resulting in appearance of the additional excited states (LMCT and SICT)
opens up a new approach for the tuning of the energy of the quenched states which can
be used upon the molecular design of new luminescence systems.
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Experimental Part

Materials and Methods. All reagents were purchased from Aldrich and used as received. All solvents
were reagent grade and purified by standard techniques whenever required. Steady-state luminescence
measurements in the VIS region were performed with a Fluorolog-FL-3-22 spectrometer from Horiba-
Jobin-Yvon-Spex which has a 475 W Xe lamp as the excitation source. The singlet- and triplet-excited-
state lifetimes were measured by a standard experimental setup for time-correlated single-photon
counting (TCSPC) [25] with laser excitation by the 282 and 340 nm NanoLeds from Horiba Jobin Yvon
IBH. Luminescence lanthanide lifetimes (t) were measured on samples put into quartz capillaries; they
are averages of at least three independent measurements, which were achieved by monitoring the decay
at the maxima of the emission spectra. The mono- or biexponential decays were analyzed with Origin� vs.
7.0. Attenuated total reflectance IR spectra: powdered samples; Perkin-Elmer-Spectrum-One FT-IR
spectrometer.

Complexes. Lanthanide chlorides were treated with 2,2’-bipyridine in Ln/bpy 1 : 2 stoichiometric
ratios (Ln¼Eu and Gd) to give the following complexes, according to a procedure similar to the one
used for the complexes with phen: [EuCl2(bpy)2(H2O)2]Cl (2), [EuCl2(bpy)2(H2O)2]Cl · 1.25 C2H6O ·
0.37 H2O (1), and [GdCl3(bpy)2(H2O)3]. Compound 1 was obtained during the preparation of single
crystals and was not subjected to elemental analysis, but all spectroscopic measurements were performed
on the crystals used for X-ray analysis. The Gd complex was doped by 2 mol-% of EuIII for the spectral
control of the content obtained.
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Data of 2 : Yield 97%. Anal. calc. for C20H22Cl3EuN4O3 (624.74): C 38.45, H 3.55, N 8.97; found: C
38.57, H 3.67, N 8.91.

Data of the Gd Complex. Yield 70%. Anal. calc. for C20H22Cl3GdN4O3 (630.03): C 38.13, H 3.52, N
8.89; found: C 38.25, H 3.96, N 8.86.
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