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a b s t r a c t

A systematic comparison of the spectroscopic and structural data for series of related dimeric lanthanide
carboxylates with 1,10-phenanthroline Ln(RCOO)3·Phen (Ln = Eu, Gd, Tb): 1-naphthylcarboxylates, ben-
zoates, 2-furancarboxylates, phenoxyacetates, caproates, acetates, propionates, 3-nitropropionates was
undertaken in search for methods of regulation of quantum yield of the Ln3+ luminescence and for paths
of the control of excitation energy transfer. The crystal structures of europium propionate and europium
and terbium 3-nitropropionates were solved by X-ray diffraction methods. Effect of stepwise distortions
of Ln coordination polyhedron derived from X-ray data of the succession of compounds, which determine
details of the charge distribution in the surroundings of the Ln3+ ion, on luminescence spectra, on life-
times of Ln3+ states, and on efficiency of Ln3+ luminescence was investigated. Polyhedron distortions are
to a great extent caused by the range of the Ln–O bond lengths related to bridging-cyclic carboxylic group
that is conditioned by the type and the size of carboxylate anion. Relative contributions of the rates of
radiative and various nonradiative processes to the lifetimes of europium 5D0 and terbium 5D4 metastable
states were estimated. Multiphonon relaxation is the main nonradiative process in europium compounds
at temperatures from 77 to 295 K and in terbium compounds at low temperatures, but the radiative pro-
cesses are appreciably prevailing. Dependence of the lifetimes due to radiative processes determined
from the integral intensity of europium 5D0–7FJ transitions related to the intensity of magnetic-dipole
5D0–7F1 transition on distortions of Eu polyhedron in the sequence of compounds is in agreement with
the same dependence obtained from the measured lifetimes, if nonradiative processes are taken into
account. A back energy transfer from 5D4 state of Tb3+ ions to the lowest triplet state related to Phen
molecule in most of compounds studied is another nonradiative process contributing to quenching in
terbium compounds at high temperatures. An influence of this process on luminescence intrinsic quan-
tum yield can be predominant. It leads to abrupt lowering the luminescence intensity of some terbium
carboxylates, for example, benzoate at increasing the temperature. It was found, that lifetime of 5D4

state and luminescence efficiency of terbium compounds at high temperatures depend on the bonding
strength of Phen ligand with Tb3+ ion. A range of the lowest triplet state energies of Phen ligand, from

20,850 to 21,750 cm−1, was revealed in lanthanide carboxylates under investigation. Closeness of the nat-
ural lifetimes of 5D0 and 5D4 states of Eu3+ and Tb3+ ions, respectively, in the same charge surroundings
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was demonstrated.

. Introduction
Study of correlation between the structure and properties of lan-
hanide coordination compounds is an issue of the day of physical
hemistry. Many such compounds, in particular, carboxylates can
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be ranked among supramolecular systems, in which the fragments
of the structure are self-assembled in an unified system by weak
interactions, such as H-bonding, stacking of aromatic fragments,
Van der Waals forces, etc. [1]. Rational selection of the compo-
nents of supramolecular system can give opportunity to design
light transforming materials, materials for emitter layers of organic

light emitting diodes and molecular switches, microporous mate-
rials of the type of synthetic zeolites that can be applied in sensors,
catalysts, adsorbents, separators [2–14].

A principal task at elaboration of new compounds having high
luminescence efficiency is optimization of their structures and opti-
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al characteristics. The most effective method of solution of the
roblems of the kind is forming and spectroscopic investigation of
roups of related compounds differing by a definite structural fac-
or. Step-by-step change of the nearest surroundings of the Ln3+

on and its influence on the luminescence spectra and other pho-
ophysical characteristics can be obtained by several methods. In
articular, it can be done by variation of the counterions in the
uter coordination sphere or by the changing the concentration
f compound in solution [15–18]. But most often the modifica-
ion of substituents on coordinated ligands is used. Recently, the
trong influence of the steric hindrances on the structure of the
u3+ luminescence centre has been observed in series of related
uropium phenyl- and naphthylcarboxylates [19]. The excitation
pectra of quite a number of europium and terbium aromatic car-
oxylates have been investigated [20–22]. In these papers the
ffects of modification of RCOO− anion on the processes of excita-
ion energy transfer to Ln3+ ions were discussed. Unfortunately, the
-ray data on the structures of complete set of compounds studied
ere absent there and this hampered to some extent the interpre-

ation of the spectroscopic results. To the time being Cambridge
tructural database [1] has a plenty of structures of the lanthanide
oordination compounds, so, that made possible a systematic com-
arison of spectroscopic and structural data for some groups of
ompounds.

In work presented, luminescence properties of a series
f dimeric lanthanide carboxylates with 1,10-phenanthroline
Phen) of composition Ln(RCOO)3·Phen with Ln3+ C.N. = 9: naph-
hylcarboxylates, benzoates, furancarboxylates, phenoxyacetates,
aproates, acetates, propionates and nitropropionates, with known
rystal structures [23–28] were examined. In enumerated com-
ounds two Ln3+ ions of dimer are bonded by two bridging and
wo bridging-cyclic carboxylic groups. Each Ln3+ ion coordinates
lso cyclic carboxylic group and Phen molecule. Both a distorted
hree-capped trigonal prism and a distorted one-capped tetragonal
ntiprism may be considered as coordination polyhedron of Ln3+

on in these compounds. Many other lanthanide carboxylates with
hen: chloro-, fluoro-, methoxybenzoates, trimethylacetates, etc.,
nd some lanthanide carboxylates with 2,2′-bipyridine (Bpy) have
uch a structure [1]. We were guided by following principal motives
n selection of compounds for this investigation. (i) The compounds

ust have sufficiently high quantum yield of luminescence. (ii) The
ompounds must have related structures with the same C.N. of Ln3+

on and with the same kind of coordination polyhedron at broad
ariation of carboxylate ligand. (iii) The compounds of Eu, Gd and
b must be isostructural. (iv) Molecules of water and other sol-
ents being strong luminescence quenchers must be absent there.
v) Simplicity and good repeatability of synthesis and crystalliza-
ion of compounds. (vi) Presence of structural data in Cambridge
atabase.

So, 10 crystal structures were chosen for this study. At the
rst stage of investigation, under modification of carboxylate lig-
nd L = RCOO− the regularities of distortions for the lanthanide
oordination polyhedron were analyzed. Then, isostructural com-
ounds of Eu, Gd and Tb related to every structure (with the
xception of one case) were examined with methods of opti-
al spectroscopy. Using variation of the carboxylate anion within
he series organized one can change peculiarities of the structure
f coordination centres, the distribution of the electron den-
ity in the nearest surroundings of the Ln3+ ions, and, therefore,
hape of the luminescence spectra and conditions of the exci-
ation energy transfer, changing in this way the efficiency of

uminescence at the same C.N. and the type of Ln coordination
olyhedron.

It is known, that the overall quantum yield of luminescence
f lanthanide compound is determined by the intrinsic quantum
ield of the Ln3+ ion and by the efficiency of the sensitization. To
hotobiology A: Chemistry 211 (2010) 7–19

obtain a new material with high overall quantum yield of lumines-
cence one has to find methods of regulation of intrinsic quantum
yield of the Ln3+ ion and of steering the ways of excitation energy
transfer, i.e. influence the efficiency of sensitization. The task of
this study includes the investigation of effect of distortions of
coordination polyhedron on radiative (natural) and nonradiative
decay rates of 5D0 and 5D4 levels, respectively, in europium and
terbium compounds in the sequence formed. The Eu3+ and Tb3+

ions differ by energy intervals between 5DJ and 7FJ states and by
combinations of contributions of matrix elements of electric- and
magnetic-dipole moments to probability of electronic transitions.
If it is possible to determine the rate of radiative processes from the
integral intensity of 5D0–7FJ transitions in luminescence spectrum
of europium compound related to the intensity of magnetic-dipole
5D0–7F1 transition, but the applicability of this method is question-
able in the case of terbium compounds [29], as there is not “pure”
magnetic-dipole 5D4–7FJ transition in Tb3+ spectrum. A question
arises, to what extent differ the rates of radiative processes for Eu3+

and Tb3+ ions in the same ligand surroundings. Can be the exper-
imental rate of Eu3+ radiative processes used for evaluation of the
intrinsic quantum yield of luminescence of terbium compound?
Another question arises at analysis of the rates of nonradiative
processes related to back energy transfer from metastable radia-
tive states of Ln3+ ions to the lowest triplet state of compound.
These rates can be very high and can abruptly decrease the quan-
tum yield of luminescence, if the energy gap between the states
mentioned is sufficiently small. One should know, to which lig-
and of the complex is related the lowest triplet state, and how
significant is the change in its energy at modification of the car-
boxylate ligand. It is also important to discuss the contributions
of rates of other nonradiative processes to the lifetimes measured:
quenching through ligand–metal charge transfer states (LM CTS) in
europium compounds, multiphonon relaxation and concentration
quenching.

2. Experimental

2.1. Compounds

Lanthanide carboxylates with 1,10-phenanthroline
Ln(RCOO)3·Phen: 1-naphthylcarboxylates Ln(1-Napht)3·Phen
(1), benzoates Ln(Benz)3·Phen (2), 2-furancarboxylates Ln(2-
Fura)3·Phen (3), phenoxyacetates Ln(PhOAc)3·Phen (4), caproates
(hexanoates) Ln(Capr)3·Phen (5), acetates Ln(Ac)3·Phen (7), propi-
onates Ln(Prop)3·Phen (10), 3-nitropropionates Ln(3-NProp)3·Phen
(11) (Ln = Eu, Gd, Tb) and Eu(3-NProp)3·Phen (6) were synthe-
sized. Europium 3-nitropropionate was obtained in two crystal
forms (6 and 11). All the compounds have dimeric structures
described above, and all the dimers with the exception of ones in
3 are centrosymmetrical. Chemical formulae of compounds and
codes in Cambridge structural database for europium compounds
[23–28,30] are given in Table 1. Succession of compounds in
Table 1 corresponds to lowering the distortions of the Ln coordi-
nation polyhedron and to gradual changes of the bond lengths of
Ln3+ ions with bridging-cyclic carboxylic group that agrees with
the type and the size of the fragment R of carboxylate ligand.
The data on the structure of europium succinamate having two
non-equivalent dimers in the unit cell (8 and 9) were used for
completeness of analysis of the Ln coordination polyhedron in the
series of compounds. This compound was not used in experimental

investigations.

The carboxylate salts were obtained by the exchange of cations
in water or ethanol solutions of the lanthanide chloride and the
sodium salt of corresponding carboxylic acid. The adducts with
phenanthroline were synthesized by admixing of ethanol solution



V.I. Tsaryuk et al. / Journal of Photochemistry and Photobiology A: Chemistry 211 (2010) 7–19 9

Table 1
Lanthanide carboxylates under investigation.

No. Ligand (L) Compound, Ln = Eu, Gd, Tb Compound with known structure (abbreviation) CSD code, Refs.

1 1-Naphthylcarboxylate Ln(C10H7COO)3·(C12H8N2) Eu(1-Napht)3·Phen VAQWAM [23]
2 Benzoate Ln(C6H5COO)3·(C12H8N2) Eu(Benz)3·Phen SIBCUP [24]
3 2-Furancarboxylate Ln(C5H4OCOO)3·(C12H8N2) Eu(2-Fura)3·Phen LUHFUP [25]
4 Phenoxyacetate Ln(C6H5OCH2COO)3·(C12H8N2) Eu(PhOAc)3·Phen·1/2C2H5OH ESESIE [26]
5 Caproate (Hexanoate) Ln(C5H11COO)3·(C12H8N2) Eu(Capr)3·Phen ZASWUL [27]
6 3-Nitropropionate Eu(NO2C2H4COO)3·(C12H8N2) Eu(3-NProp)3·Phen This work
7 Acetate Ln(CH3COO)3·(C12H8N2) Eu(Ac)3·Phen [28]
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8, 9 Succinamate Eu(NH2COC2H4COO)3·(C12H8N2)·3H
10 Propionate Ln(C2H5COO)3·(C12H8N2)
11 3-Nitropropionate Ln(NO2C2H4COO)3·(C12H8N2)

f Phen to solution of the lanthanide salt of carboxylic acid. All
eagents were purchased from Sigma–Aldrich. To avoid as much as
ossible the influence of rare earth impurities on energy transfer
u2O3 and Tb2O3 oxides with 99.999% purity were used as precur-
ors. All solvents were purified by standard techniques. To extend
he series of compounds investigated the crystal structures of nitro-
ropionates Eu(3-NProp)3·Phen (6), propionate Eu(Prop)3·Phen
10) and Tb(3-NProp)3·Phen (11) were determined by X-ray diffrac-
ion method. The crystals of these compounds were grown from
ater solution at slow evaporation of the solvent.

Eu, Gd, and Tb compounds with the same carboxylate lig-
nd L are isostructural. This was assured with the help of the
uminescent probe, vibrational spectroscopy and X-ray pow-
er diffraction. Phenoxyacetates Ln(PhOAc)3·Phen (4) synthesized
ere related to the series of compounds investigated, but, judg-

ng from the X-ray powder diffraction data, differed from the
ublished Ln(PhOAc)3·Phen.1/2C2H5OH solvate [26]. Compounds
n(Prop)3·Phen (10) (Ln = Eu, Gd, Tb) were not isostructural to
nown compound Sm(Prop)3·Phen [1,31]. The compounds inves-
igated were characterized by the elemental analysis.

To estimate contributions of multiphonon relaxation to life-
imes of Ln3+ metastable electronic states several lanthanide
ompounds with deuterium substituted ligands having 99.9% iso-
ope enrichment, acetic acid CD3COOD (D-Ac) and 2,2′-bipyridine
10N2D8 (D-Bpy), were synthesized. We used D-Bpy for this pur-
ose, as could not obtain deuterated 1,10-phenanthroline.

.2. Optical spectroscopy

The luminescence and phosphorescence spectra were mea-
ured with LOMO UM-2 monochromator (∼20 cm−1 resolution)
nd LOMO DFS-12 spectrophotometer (2 cm−1 resolution, when
t required) at 77 and 295 K. The former experimental set was
upplied with highly sensitive photomultiplier H6780-20. The
uminescence excitation source was DRSh-250 high-pressure mer-
ury lamp. For excitation of luminescence, we used the 300–380 nm
egion of the spectrum of this lamp (isolated by light filters),
hich contains the intense Hg 365 nm line. The samples were
laced under strictly identical conditions. The energy of the lowest
xcited triplet state of the ligands was obtained from phosphores-
ence spectra recorded with 1 ms time delay. The relative integral
ntensities of the Eu3+ electronic transitions were estimated with
orrection on the spectral sensitivity distribution of the experi-
ental set-up. The relative luminescence intensity I295 K/I77 K for

erbium compounds was measured in accordance with the proce-
ure described in Ref. [32]. Lifetimes of 5D0 (Eu3+) and 5D4 (Tb3+)
tates in europium and terbium compounds were usually deter-

ined at 77 and 295 K, and sometimes at different temperatures.

he exponential fitting with Origin 7.0 was used for analysis of
ecay process. Decay curves of the 5D0 and 5D4 levels could be
tted to a mono-exponential law. Relative error of determination
f lifetimes is ±2%.
Eu(Succ)3·Phen·3H2O WUWVOZ [30]
Eu(Prop)3·Phen This work
Tb(3-NProp)3·Phen This work

2.3. X-ray crystallography

The single-crystal X-ray diffraction data for the complexes
6, 10 and 11 were collected on a Bruker SMART APEX II
CCD diffractometer at 100 K, using graphite monochromated Mo
– K� radiation (� = 0.71073 Å) [33]. Absorption correction was
performed with SADABS program [34], using multiple measure-
ments of equivalent reflections. The structures were solved by
direct methods and refined by the full-matrix least squares
technique against F2 of all data. Non-hydrogen atoms were
located from the Fourier density synthesis and refined in the
anisotropic approximation. The positions of hydrogen atoms
were calculated, the H(C) atoms were included in refinement
in isotropic approximation with the riding model with the
Uiso(H) = 1.2Ueq(C), where Ueq(C) is the equivalent thermal param-
eter of carbon atom to which the corresponding H atoms are
bound. All calculations were performed with SHELXTL software
package [35]. Details of the crystal data collection and refine-
ment parameters for the crystals 6, 10 and 11 are listed in
Table 2.

3. Results and discussion

3.1. Crystal structures of compounds 6, 10 and 11

The nitropropionates 6 and 11 crystallize in triclinic system,
while propionate 10 – in monoclinic (Table 2). The crystals con-
sist of dimers with composition Ln2(L)6(C12H8N2)2, (Ln = Eu or Tb
for L = NO2C2H4COO and Ln = Eu for L = C2H5COO), Fig. 1. The sym-
metrically independent part of unit cell includes a half of dimer
and the other is obtained by the inversion operation. Each Ln
atom coordinates a 1,10-phenanthroline molecule in bidentate-
cyclic mode. Phen molecules in 6, 11 and 10 are almost planar, the
mean deviation of atoms from the least-squares plane is 0.06(1),
0.02(1) and 0.03(1) Å. Besides, Ln ligates five 3-nitropropionates
(6 and 11) or five propionates (10). All six L ligands in the
dimer are involved in coordination by Ln through their carboxylic
groups, thus, they act as bidentate ligands. At the same time,
coordination modes of L include cyclic, bridging and bridging-
cyclic ones. As a result, coordination numbers of Eu and Tb
atoms are equal to 9. Coordination polyhedron LnN2O7 adopts
distorted three-capped trigonal prismatic geometry. It is worth
mentioning that Ln–N and Ln–O pair distances in a given phenan-
throline or carboxylic group are usually not equal within 3�
(Table 3).

All three crystals display a supramolecular organization arising
from stacking interactions and a rich network of C–H· · ·O con-

tacts. Stacking interaction in all the cases is represented by that
between parallel Phen rings of neighboring molecules, where the
least-squares planes of Phen are situated 3.3 Å from each other.
Both Phen molecules of the dimers are involved in stacking inter-
action, thus in crystal structures of 6, 11 and 10 infinite chains can
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Fig. 1. General view of dimers in the structures of compounds 6, 11 and 10 in thermal ellipsoids (given with 30% probability level). Only symmetrically independent atoms
are labeled. Hydrogen atoms are omitted.
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Table 2
Crystallographic data and experimental details for the crystals 6, 10 and 11.

Compound 6 11 10

Chemical formula C42H40Eu2N10O24 C42H40N10O24Tb2 C42H46Eu2N4O12

Formula weight 1372.76 1386.68 1102.75
Colour, habit Colorless, prism Colorless, prism Colorless, prism
Crystal dimensions (mm) 0.30 × 0.20 × 0.20 0.29 × 0.14 × 0.13 0.18 × 0.15 × 0.08
Temperature (K) 100 (2) 100 (2) 100 (2)
F (000) 680 684 2192
Crystal system Triclinic Triclinic Monoclinic
Space group P1̄ P1̄ C 2/c
a (Å) 8.4676(8) 10.0094(7) 23.4635(15)
b (Å) 10.5393(9) 11.5769(8) 9.6802(6)
c (Å) 13.4681(13) 12.2513(9) 21.1512(13)
˛ (◦) 93.281(2) 114.807(2) 90
ˇ (◦) 92.836(2) 97.052(2) 113.195(1)
� (◦) 94.3076(17) 106.693(2) 90
Volume (Å3) 1194.82(19) 1185.04(15) 4415.8(5)
Z 1 1 4
Dcalc (g cm−3) 1.908 1.943 1.659
� (mm−1) 2.70 3.06 2.88
Tmin 0.498 0.601 0.600
Tmax 0.614 0.678 0.796
Collected reflections 12,696 13,437 35,933
Independent reflections 6304 (Rint = 0.045) 6267 (Rint = 0.025) 6595 (Rint = 0.107)
Observed reflections 5374 5774 4407
No. of parameters 352 352 244
�max (◦) 29.0 29.0 30.4
R[F2 > 2�(F2)] 0.039 0.023 0.089
wR(F2) 0.074 0.053 0.248
GOF 1.04 1.01 1.02
Weighting scheme Calculated w = 1/[�2(F2

o ) + (0.023P)2] Calculated Calculated

b
g

3
L

h
s
o
i
p

T
S
a

1

t

where P = (F2
o + 2F2

c )/3

Largest diff. peak and hole (e Å−3) 1.63, −2.19

e discriminated, which are parallel with, respectively, crystallo-
raphic axis c, (0 1 1) direction and crystallographic axis a.

.2. Structural regularities of dimeric compounds
n(RCOO)3·Phen (C.N. = 9)

Let us consider features of the lanthanide coordination poly-
edron taken as distorted three-capped trigonal prism in the

tructures of dimeric carboxylates 1–11 (Table 1). Transformation
f Ln–O, Ln–N and dimer Ln–Ln bonds in transition from 1 to 11
s presented in Fig. 2. For most of compounds of the kind [1], in
articular, for 1–8 the distribution of the Ln–O bond lengths is the

able 3
elected geometric parameters (Å) of coordination polyhedra in compounds 6, 10
nd 11.

Bond 6 (Ln = Eu) 11 (Ln = Tb) 10 (Ln = Eu)

Bridging L
Ln(1)–O(1) 2.401(3) 2.348(2) 2.392(8)
Ln(1Aa)–O(2) 2.359(2) 2.374(2) 2.385(8)

Cyclic L
Ln(1)–O(5)b 2.504(3) 2.482(2) 2.446(8)
Ln(1)–O(6)b 2.455(3) 2.396(2) 2.426(9)

Bridging-cyclic L
Ln(1)–O(9)b 2.612(3) 2.484(2) 2.525(8)
Ln(1Aa)–O(9)b 2.359(3) 2.357(2) 2.348(7)
Ln(1)–O(10)b 2.500(3) 2.540(2) 2.551(8)

Phen
Ln(1)–N(1) 2.558(3) 2.543(2) 2.619(9)
Ln(1)–N(10) 2.646(3) 2.614(2) 2.576(9)

a Symmetry code A to generate equivalent atoms for 6, 11 and 10 are, respectively,
− x, 1 − y, −z; 2 − x, 1 − y, 1 − z; 0.5 − x, 0.5 − y, −z.
b The atoms O(5), O(6), O(9) and O(10) in the structures of 6 and 11 correspond

o O(3), O(4), O(6) and O(5) in the structure of 10.
w = 1/[�2(F2
o ) + (0.0287P)2] where

P = (F2
o + 2F2

c )/3
w = 1/[�2(F2

o ) + (0.12P)2 + 180P]
where P = (F2

o + 2F2
c )/3

1.20, −1.12 2.58, −3.08

following. The longest bond is one of the bonds of Ln with bridging-
cyclic COO−-group marked as “3” in Fig. 2b, the shortest bond is “1”
one of Ln with the same COO−-group. In the structure 6 those bonds
are Eu(1)–O(9) and Eu(1A)–O(9) (Table 3). At that, the length of
the short bond of the bridging-cyclic COO−-group with Ln is about
equal to the Ln–O bond lengths related to the bridging COO−-group
(“1” and “2” in Fig. 2c). The lengths of two Ln–O bonds left with the
bridging-cyclic COO−-group are on average somewhat longer than
that with the cyclic ligand (“1” and “2” in Fig. 2a). That is, the Ln–O
bond lengths with the bridging-cyclic ligand correlate with corre-
sponding Ln–O bonds related to the ligands representing “pure”
bridging or cyclic type of coordination. However, supplementary
bridging coordination of the bridging-cyclic ligand weakens rather
the cyclic coordination that shows in increase in the mean bond
lengths with the cyclic fragment. Simultaneously, the “drawing
back” of the carboxylic group by the second lanthanide of dimer
may increase the asymmetry of Ln–O bonds in the cyclic frag-
ment. The analysis realized for coordination of COO−-groups in 1–8
crystals agrees with previous discussion of lanthanide carboxylates
[27,36].

At the same time, in Cambridge structural database [1] there
is a number of compounds, in which the “2” and “3” Ln–O
bond lengths related to cyclic coordination of the bridging-cyclic
ligand are about equal. But in compounds coded as RISMIQ
(Sm(Prop)3·Phen), YAGGIX and FAYLAT (lanthanum and cerium N-
acetyl-N-phenylglycinate with Phen), and also in Eu(Prop)3·Phen
(10) and Tb(NProp)3·Phen (11) the bond “2” of bridging-cyclic
COO−-group is the longest (Fig. 2b). This corresponds to bonds
Eu(1)–O(5) in 10 and Tb(1)–O(10) in 11. The presence of the

strong intermolecular C–H· · ·O bond with Phen ligand of a neigh-
boring molecule is characteristic feature of all these compounds.
Eu(Succ)3·Phen·3H2O (WUWVOZ), which has two independent
dimers (8 and 9), is especially interesting in this relation. The distri-
bution of the “2” and “3” bonds with the bridging-cyclic ligand in 8
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pounds. In general case the distortion of coordination polyhedron
depends on composition of the complex and, to a lesser extent, on
the effects of crystal packing. In the crystal structures of 3–11 infi-
nite chains can be distinguished due to stacking contacts between
Fig. 2. The changes of Ln–O, Ln–N and dimer Ln–Ln bond leng

nd 9 is different. If the contact C–H· · ·O is absent, the distribution of
he bond lengths is usual, but if the contact exists, the distribution is
inverted”. However, in compound Eu(2-Fura)3·Phen (3) (LUHFUP)
hese contacts have place but the distribution of the bond lengths is
sual. One can conclude that the presence of strong intermolecular
ond C–H· · ·O with Phen ligand of the neighboring molecule is a
ecessary but not sufficient condition of displacement of bridging-
yclic COO−-group, at which the bond “2” becomes longer than the
ond “3”.

It should be pointed that in the succession of compounds
nvestigated the equalization of “2” and “3” Ln–O bonds of
he bridging-cyclic carboxylic group and the transition to their
inverted” distribution leads to approach of lanthanide ions in
imer from 4.138 Å in 1 to 3.901 Å in 11 (Fig. 2d).

In compounds 1–3 with voluminous carboxylate ligands and in
ome other compounds, such as europium trimethylacetate and
-methoxybenzoate with Phen [1], main distortions of Ln coor-
ination polyhedron display as considerable spread in the Ln–O
istances related to bridging-cyclic COO−-group (Fig. 2b). This
pread decreases gradually from ∼0.7 Å in 1 to ∼0.1 Å in 9 com-
ound, and then slightly increases in 10 and 11 under the bonds

nversion. The spread in the Ln–O bond lengths due to bridg-
ng and cyclic carboxylic groups, and the spread in Ln–N bond
engths are appreciably less than 0.1 Å in the majority of the com-
ounds investigated. Nevertheless, these changes look significant
or aliphatic carboxylates, where the spread in the Ln–O bonds
elated to bridging-cyclic group is relatively small. So, the main
hanges of the structure of Ln coordination polyhedron and of the
harge distribution in the nearest surroundings of Ln3+ ion are
onditioned by high “sensitivity” of bonding of the bridging-cyclic
arboxylic group to the type and size of entire carboxylate lig-
nd. Embedding of the methylene bridge in the ligand between

oluminous R-fragment and carboxylic group in europium phe-
oxyacetate (4) leads to weakening the steric hindrances and to
ecrease of the coordination polyhedron distortion thanks to mov-

ng the voluminous fragment off the Ln3+ ion and to bending of the
igand [26].
the row of compounds 1–11 (Ln = Eu for 1–10, Ln = Tb for 11).

The distortions of lanthanide coordination polyhedron as three-
capped trigonal prism (Fig. 3) in the structures 1–11 are given
in Table 4 and in Fig. 4. �r(Ln–O) and �r(Ln–N) are the ranges
between the longest and the shortest distances in coordination
polyhedron. DCP was calculated as the displacement of Ln atom
from the centre of its coordination polyhedron. Besides, the rota-
tion angle ϕ between the bases of trigonal prism and distortions of
Phen molecule: the torsion angle ı between “pyridine” rings and
the bending angle of “pyridine” rings (DB) shown schematically in
Fig. 3 were determined. Systematic changes of ϕ, ı and DB distor-
tions were not disclosed in the enumerated row of compounds.
Nevertheless, the degree of lanthanide coordination polyhedron
distortion is more pronounced for 1 and 2 (DCP = 0.15, 0.14 Å)
and remains approximately constant (D ≈ 0.10 Å) for other com-
Fig. 3. Schematic representation of ϕ, ı and DB distortions in Ln polyhedron and
Phen molecule.
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Table 4
Distortions of the Ln coordination polyhedra in the compounds 1–11 and conformation parameters for Phena.

No. Compound DCP, Å Ln–O range/Ln–N range, Å ϕ,◦ ı,◦ DB,◦

1 Eu(1-Naphth)3·Phen 0.150 2.297–3.003/2.567–2.576 13.1 8.6 4.2
2 Eu(Benz)3·Phen 0.141 2.346–2.872/2.619–2.644 8.0 4.6 2.3
3 Eu(2-Fura)3·Phen 0.104 2.363–2.799/2.578–2.613 19.5 5.4 2.7

0.107 2.359–2.766/2.594–2.615 18.4 6.1 3.1
4 Eu(PhOAc)3·Phen 0.087 2.342–2.652/2.567–2.602 9.4 1.5 0.5
5 Eu(Capr)3·Phen 0.098 2.340–2.618/2.619–2.621 21.4 4.4 2.2
6 Eu(3-NProp)3·Phen 0.102 2.359–2.613/2.557–2.646 12.8 7.8 3.6
7 Eu(Ac)3·Phen 0.105 2.364–2.584/2.587–2.649 10.9 3.0 1.3
8 Eu(Succ)3·Phen 0.090 2.345–2.549/2.592–2.624 20.0 3.9 1.9
9 0.089 2.353–2.513/2.555–2.610 13.7 2.4 1.2

10 Eu(Prop)3·Phen 0.115 2.348–2.551/2.575–2.619 13.4 3.6 1.5
1 .347–
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1 Tb(3-NProp)3·Phen 0.078 2

a DCP is the shift of Ln atom from the centre of its coordination polyhedron; Ln
olyhedron; ϕ is the rotation angle between the bases of trigonal prism (see Fig. 3
ings.

arallel Phen rings. The distance between the least-squares planes
f Phen molecules varies from 3.3 to 3.6 Å. In the crystal structures
f 1 and 2 only weak C–H· · ·C and C–H· · ·O contacts are present.
hus, the degree of distortion of Ln coordination polyhedron in
–11 can be viewed mainly as an intrinsic feature of the complex.

.3. Luminescence spectra of europium carboxylates

Earlier, the luminescence spectra of europium compounds
nder investigation were separately published without system-
tic comparison with structural data [19–21,28]. The luminescence
pectra of Eu(RCOO)3·Phen presented in Fig. 5 have the maximal
ossible number of Stark components in the Eu3+ electronic transi-
ions that witness about low symmetry of charge distribution in the
earest surroundings of Eu3+ ion. This symmetry belongs to one of
oint groups inside the triclinic, monoclinic or rhombic syngonies,
hat agrees with X-ray data. Judging from characteristic features
f the spectra, the carboxylates investigated can be assigned to
wo subgroups: compounds 1–4 with voluminous aromatic car-
oxylate ligands and aliphatic carboxylates 5–7, 10, 11. Against
he background of similarity of the crystal field Stark splitting of
u3+ electronic transitions in 1–4 one can see a prominent fall of
he intensity of hypersensitive electric-dipole 5D0–7F2 transition
n relation to the intensity of magnetic-dipole 5D0–7F1 transition
5 7 5 7
( D0– F2)/I( D0– F1) from compound 1 to 4 (Fig. 6). The inten-
ity of 5D0–7F2 transition is extremely sensitive to the nature and
ymmetry of the effective charge distribution on atoms of the near-
st surroundings of Eu3+ ion in contrast to 5D0–7F1 transition. The
alue I(5D0–7F2)/I(5D0–7F1) is the highest in the spectrum of Eu(1-

ig. 4. The changes of distortions of the Ln coordination polyhedron �r(Ln–O),
r(Ln–N) and DCP in the row of compounds 1–11 (Ln = Eu for 1–10, Ln = Tb for 11).
2.540/2.542–2.614 15.3 2.9 1.3

nge is the range between the longest and the shortest distances in coordination
the torsion angle between “pyridine” rings; DB is the bending angle of “pyridine”

Napht)3·Phen (1). It decreases gradually and becomes about two
times lower in aliphatic carboxylates. “Deviation” of the point 3
is connected with distortion of Eu(2-Fura)3·Phen dimer symmetry
from centrosymmetrical accompanied by the appearance of non-
equivalent luminescence centres. Lowering the 5D0–7F2 intensity
in the row of compounds 1–4 must be caused by decrease of the
distortions of coordination polyhedron conditioned by substantial
difference in the bond strengths of Eu3+ ion with the bridging-cyclic
carboxylic group (Figs. 2 and 4). In comparison with this strong
distortion the influence of the other distortions of polyhedron on
the luminescence spectra of compounds 1–4 seems significantly
smaller. At the same time, in the spectra of aliphatic compounds
beginning from 5 the intensity distribution between Stark com-
ponents of every electronic transition changes, but the changes
of relative intensity of 5D0–7F2 transition are not too high. This is
determined first of all by smaller values of distortions of coordina-
tion polyhedron concerned with bridging-cyclic carboxylic group.
Against the background of equalization of “2” and “3” bonds of
Eu3+ ion with bridging-cyclic group (Fig. 2b) the distortions due
to non-equivalence of Eu3+ bonds with cyclic and bridging car-
boxylic groups and due to a torsion of polyhedron ϕ concerned with
the rotation of one base of trigonal prism in relation to the other
should display more clearly. Equalization of the pair bonds Eu–O
related to cyclic and bridging groups is observed in compounds
from 5 to 7 and 10. Then, in compound 11 the distortions connected
with these groups increase. The angle ϕ decreases gradually in the
compounds 5–7, then increases in 10 and 11. The minimal distor-
tions of europium coordination polyhedron were found in acetate
(7). This agrees with the luminescence spectra showing the high-
est symmetry of the crystal field influencing the Eu3+ ion in this
compound.

In general, lowering the symmetry of the nearest surroundings
of Eu3+ ion should lead to the increase in the probability of the
induced electric-dipole transitions and, therefore, to increase in the
rate of radiative processes. The correlation between the features of
the luminescence spectra and the distortions of coordination poly-
hedron of Ln3+ ion has to be in accordance with behavior of the
natural lifetimes of the radiative states of Eu3+ and Tb3+ ions.

3.4. Lifetimes of 5D0 (Eu3+) and 5D4 (Tb3+) states. Luminescence
efficiency

Let us consider the lifetimes of metastable states of Eu3+ and Tb3+

ions in the series of europium and terbium compounds under inves-

tigation Ln(RCOO)3·Phen. The observed luminescence decay at the
excitation in the ligand is the result of a balance between rates of all
the radiative and nonradiative processes in the lanthanide system.
Various cases of the balance between all the rates in lanthanide
coordination compounds were perfectly treated by adequate sys-
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ig. 5. Luminescence spectra of Eu(1-Napht)3·Phen – 1 (a), Eu(Benz)3·Phen – 2 (b), Eu
6 (f), Eu(Ac)3·Phen – 7 (g), Eu(Prop)3·Phen – 10 (h) and Eu(3-NProp)3·Phen – 11 (i

ems of rate equations [37,38]. It is obvious that the slower step in
he system determines the overall velocity of kinetic processes. We
uppose that the decay rates of 5D0 and 5D4 levels of Ln3+ ion in the
arboxylates under investigation are low in comparison with the
ecay rates of the ligand lowest triplet states including intramolec-
lar energy transfer rates, by analogy with the complexes studied

n many works, in particular, in Ref. [38]. This assumption was veri-
ed by rough experimental estimation of the lifetimes of the ligand

owest triplet states at 77 K, which was not higher than the 5D0 and
D4 lifetimes in our systems. So, we describe the lifetime observed
or Ln3+ ion electronic state as 	obs = 1/(kr + knr), where kr is the rate
f pure radiative processes, knr is the rate of nonradiative processes
isted in Eq. (1).

nr = kvibr + kLMCT + kBET + kLn–Ln, (1)
here kvibr, kLMCT, kBET and kLn–Ln are the rates of nonradiative
rocesses, conditioned by the quenching with participation of high-
requency vibrations of the crystal lattice (multiphonon relaxation),
he quenching with participation of LM CTS in europium com-
ounds, the quenching by back energy transfer from the metastable

ig. 6. The changes of relative integral intensities of 5D0–7FJ transitions of Eu3+ ion
n the investigated row of compounds at 77 K.
a)3·Phen – 3 (c), Eu(PhOAc)3·Phen – 4 (d), Eu(Capr)3·Phen – 5 (e), Eu(3-NProp)3·Phen
K.

level of Ln3+ ion to the ligand lowest triplet state and the Ln–Ln
concentration quenching, respectively [29,39,40].

Measured lifetimes 	obs of 5D0 state of Eu3+ ion and 5D4 state
of Tb3+ ion are given in Table 5. One can see only ∼5% differences
between the values of 	obs (5D0) for every europium compound
Eu(RCOO)3·Phen at 77 and 295 K and 	obs (5D4) for corresponding
terbium compound Tb(RCOO)3·Phen at 77 K. To visualize the behav-
ior of the lifetimes in the series of compounds 1–11 it was presented
as gradual plots in Fig. 7. The lifetimes for terbium compounds at
295 K are substantially lower than their values at 77 K, they cannot
be superimposed on the gradual plot, and they will be considered
a bit later. Successive “coincidence” of every three points relating
to different diagrams in Fig. 7 gives the evidence for following:

(i) The quenching conditioned by the participation of LM CTS in
energy transfer processes in europium compounds is absent. In

the opposite case, the lifetime 	obs (Eu) should be lower than
	obs (Tb), and 	obs (Eu) at 295 K should be lower than 	obs (Eu)
at 77 K [41]. Besides, at presence of the quenching LM CTS the
intensities of some of the narrow f–f bands in the Eu3+ excita-

Fig. 7. The changes of lifetimes 	obs of 5D0 (Eu3+) state at 77 and 295 K and 5D4 (Tb3+)
state at 77 K for row of europium and terbium carboxylates.
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Table 5
Lifetimes 	obs of 5D0 (Eu3+) and 5D4 (Tb3+) states, rate constant kBET (Tb3+) at 295 K, energy of the ligand lowest triplet state ET and relative intensity of the Tb3+ luminescence
I295 K/I77 K.

No. Compound 	obs (ms) (Eu3+) 	obs (ms) (Tb3+) kBET (ms−1) ET (cm−1) � = ET − E(5D4) (cm−1) I295 K/I77 K, (Tb3+)

77 K 295 K 77 K 295 K 295 K

1 Ln(1-Napht)3·Phen 1.12 1.02 Low intensity Low intensity 19,200 (Napht) −1300
2 Ln(Benz)3·Phen 1.30 1.26 1.26 0.28 2.78 20,850 350 0.26
3 Ln(2-Fura)3·Phen 1.37 1.37 1.26 0.75 0.54 21,500 1000 0.92
4 Ln(PhOAc)3·Phen 1.70 1.64 1.60 0.78 0.66 21,270 770 0.94
5 Ln(Capr)3·Phen 1.79 1.75 1.73 0.54 1.26 20,950 450 0.39
6 Eu(3-NProp)3·Phen 1.71 1.65

7
Ln(Ac)3·Phen 1.54 1.46 1.63 0.98 0.41 21,100 600 0.87
Eu(D-Ac)3·Phen 1.96 1.93

1
1

(

(

n

0 Ln(Prop)3·Phen 1.67 1.69 1.61 1.05
1 Ln(3-NProp)3·Phen 1.55 1.57 1.49 0.87

5D4 (Tb3+)

tion spectra as well as the intensity of the ligand broad band
usually fall down [20,21,42,43] that is not observed in the row
of compounds examined [20,21,28].

(ii) Contribution of the quenching owing to the back energy trans-
fer is the most actual for Tb3+ ions. At 295 K, the reverse
energy transfer from 5D4 state of Tb3+ to the lowest triplet
state is a principal mechanism of the luminescence quench-
ing in investigated terbium complexes with Phen, but at 77 K
the contribution of kBET in knr is negligible.

iii) The Ln–Ln self-quenching in the dimers is one of potential
contributors to the quenching of luminescence, especially for
compounds at the end of the succession investigated, where
the Ln3+ ion pairs are maximal close (Fig. 2d). To determine
this contribution the lifetimes of 5D0 state of Eu3+ ions con-
tained as “traces” in carboxylates Gd(RCOO)3·Phen (originated
from commercial precursor Gd2O3) were measured. The life-
times 	obs obtained for those Eu3+ ions at 295 K were 3–4%
higher than the 	obs for Eu(RCOO)3·Phen compounds. So, for
europium compounds studied here the contribution of con-
centration quenching is low.

iv) Judging from our data, kvibr gives a principal contribution to
knr for Eu3+ ions at 77 and 295 K and for Tb3+ ions at 77 K. To
evaluate contribution of multiphonon relaxation to 	obs with
participation of high-frequency vibrations, the lifetimes of 5D0
(Eu3+) state in several natural and deuterium substituted com-
pounds were compared. The increase in the 	obs (Eu) in acetate
Eu(D-Ac)3·Phen in comparison with Eu(Ac)3·Phen amounted
to 21%. This agrees well with our results for a pair of acetates
Eu(D-Ac)3·Bpy and Eu(Ac)3·Bpy and with the data obtained
before for solutions of europium H- and D-acetates [44]. In
contrast to this, the quenching due to Bpy ligand and, probably,
due to Phen is less effective. The increase in the lifetime 	obs for
Eu(Ac)3·D-Bpy and Eu(Benz)3·D-Bpy in comparison with pro-
tonated analogues amounted to ∼1 and ∼5%, respectively. This
increase for Eu(NO3)3·D-Bpy2 is ∼12%. It can be supposed, that
results for europium compounds with Phen ligand will be sim-
ilar. We guess also, that the contribution of the multiphonon
relaxation to 	obs in other compounds of the sequence stud-
ied should be smaller than in acetates. The main quencher in
the aliphatic compounds is the –CH2– group proximal to the
Ln3+ ion having lower frequencies of stretching vibrations than
CH3– group. The rest of potential quenchers (–CH2– and CH3–
groups) are far from Ln3+ ions and their contribution to the
rate of multiphonon relaxation substantially diminishes with

the distance [45].

If the contribution of multiphonon relaxation to knr were sig-
ificant, the values of 	obs (Tb) in carboxylates investigated would
0.33 21,700 1200 0.89
0.48 21,750 (Phen) 1250 0.78

21,000 (NProp) 500
20,500

be substantially higher than 	obs (Eu) caused by higher energy gap
between 5DJ and 7FJ states in terbium compounds in comparison
with europium compounds. Only in Ln(Ac)3·Phen the value of 	obs
(Tb) is somewhat higher than the value of 	obs (Eu). For compari-
son, in hydrates of terbium and europium carboxylates, where the
quenching is determined predominantly by contribution of stretch-
ing vibrations of water molecules to multiphonon relaxation, 	obs
(Tb) at 77 K is above 40–60% higher, than 	obs (Eu) [46]. More-
over, it must be noted that the rate of muliphonon relaxation with
participation of high-energy C–H and O–H stretching vibrations is
essentially temperature independent between 77 and 295 K [41].

So, the points on the plots of Fig. 7 are mainly related to
	obs = 1/(kr + kvibr). Three close values of 	obs for every compound
witness about nearness of the natural lifetimes for Eu3+ and Tb3+

ions. At the absence of contribution of CH3– vibrations to the lumi-
nescence quenching in acetate (7) at substitution CD3– for CH3–
group lifetime 	obs increases. That changes the course of the plot
(see the change for compound 7 in Fig. 7). The changes of the plots
because of the contributions of kvibr in the quenching in other com-
pounds should be substantially lower. If one takes the amendments
for all points on axes x into account, the plots in Fig. 7 should
demonstrate the tendency to the change in the pure radiative life-
times of the 5D0 (Eu3+) and 5D4 (Tb3+) states in the sequence of
compounds investigated.

To be sure in correctness of the predicted changes we will
define the behavior of the radiative lifetimes 	r of 5D0 state of Eu3+

ion by comparison of integral intensities of 5D0–7FJ and 5D0–7F1
transitions using a treatment of europium luminescence spectra
[29,47–50] and a relation formulated in Refs. [29,47]:

1/	r = AMD,0 · n3 · (Itot/IMD). (2)

Here, n is refractive index of the medium, AMD,0 is the sponta-
neous luminescence probability for the magnetic-dipole 5D0–7F1
transition in vacuo (14.65 s−1), (Itot/IMD) is the ratio of the integral
intensity of the Eu3+ luminescence spectrum (all electronic transi-
tions 
I(5D0–7FJ)) to the integral intensity of the magnetic-dipole
transition I(5D0–7F1). It will be supposed that refraction indexes
n are not different significantly in the row of polycrystalline com-
pounds under investigation, and the 5D0–7F1 transition is a pure
magnetic-dipole transition [51,52], i.e., the value AMD,0. n3 will be
taken as a constant:

1/	r(Eu) ≈ const · (
I(5D0–7FJ)/I(5D0–7F1)). (3)
The quantities reverse to relative integral intensity will be pro-
portional to the values of the radiative lifetimes for compounds of
the row formed:

1/(˙I(5D0–7FJ)/I(5D0–7F1))∼	r(Eu). (4)
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time 	obs (Tb) increases. In particular, at heating from 77 to 335 K
ig. 8. The changes of the values “	r(Eu)·const” for row of europium carboxylates
const = AMD,0. n3, see formulae (2) and (3)).

These quantities for europium compounds 1–11 are presented
n Fig. 8. Correction for spectral sensitivity of the experimental set-
p was made. With every faults and assumptions admitted, the
lots presented in Figs. 7 and 8 conform to each other satisfacto-
ily. They describe a general tendency of the change in the natural
ifetimes of the radiative states of Eu3+ and Tb3+ ions in succession
f compounds.

The radiative lifetime 	r is determined by distribution of the
lectron density in the nearest surroundings of Eu3+ ion and by
he degree of anisotropy of the crystal field [29,47–50,53]. The
ehavior of the lifetimes 	obs with kvibr correction as well as that
f (	r(Eu)·const) values calculated from the luminescence spectra
ome to an agreement with values of distortions of Eu3+ coordina-
ion polyhedron (Figs. 2 and 4). Judging from the Eu–O distances,
he radiative lifetime of Ln3+ ion correlate first of all with the bond
trengths of Eu3+ ion with the oxygen atoms of bridging-cyclic
arboxylic groups. When the main contribution in polyhedron dis-
ortions caused by these carboxylic groups is lowering, the radiative
ifetime of Ln3+ ion is increasing. This correlation is entirely compat-
ble with behavior of the luminescence spectra considered above.

Let us return to Table 5. As we mentioned earlier, the behavior of
he lifetimes of 5D4 state in the row of compounds Tb(RCOO)3·Phen
1–11) at 295 K is spectacularly different from their behavior at
7 K. Parallel with the energy transfer from the lowest triplet level
o metastable 5D4 level of Tb3+ ion at high temperatures a back
nergy transfer is possible from 5D4 level to the triplet of com-
ound by thermal activation [39,54–56]. In contrast to the values
obs (Tb, 77 K) depending mainly on the symmetry of the charges
istribution in the nearest surroundings of Ln3+ ions and on their
olarizability, a linear dependence of the ratio 	obs (Tb, 295 K)/	obs
Tb, 77 K) on the energy of the lowest triplet state is observed [46].

It is necessary to define the affiliation of the lowest triplet state
f the terbium complexes and to consider its position in relation to
D4 (Tb3+) electronic state. The phosphorescence spectra of some
adolinium compounds Gd(RCOO)3·Phen used for determination
f the energies of the lowest triplet states of the ligands are pre-
ented in Fig. 9. The energy of T – S0 zero-phonon transition is
btained from short-wavelength edge of broad vibronic band. As
he fine structure is absent in the majority of phosphorescence
pectra examined, the accuracy of determination of the triplet state
nergy is not high. In some of the spectra, the lines of the elec-
ronic transitions of Eu3+ and Tb3+ ions contained as admixture in

ommercial precursor Gd2O3 are superimposed on broad band of
he ligand. The comparison of the Gd(RCOO)3·Phen phosphores-
ence spectra with spectra of corresponding hydrate salts without
henanthroline Gd(RCOO)3·nH2O gives evidence of belonging of
Fig. 9. Phosphorescence spectra of Gd(Benz)3·Phen – 2 (a), Gd(Ac)3·Phen – 7 (b),
Gd(2-Fura)3·Phen – 3 (c), Gd(3-NProp)3·Phen – 11 (d) and Gd(3-NProp)3·nH2O (e)
registered with 1 ms time delay at 77 K.

the lowest triplet state in the range of 20,850–21,750 cm−1 to Phen
ligand. However, one should keep in mind that the carboxylate
triplet state energy in the salt can differ from that in corresponding
adduct with Phen. Only in two of compounds investigated, Gd(1-
Napht)3·Phen (1) and Gd(3-NProp)3·Phen (11), the energies of the
lowest triplet state of carboxylate ligand having, respectively, the
values 19,200 and 21,000 cm−1 are lower than the energy of triplet
state T of Phen. In the first compound, the carboxylate triplet energy
is substantially lower than the energy of 5D4 state of Tb3+ ions, so,
the luminescence of Tb(1-Napht)3·Phen is not observed at all.

The triplet level of Phen molecule in the majority of
Tb(RCOO)3·Phen compounds is responsible for the fall of the life-
time of 5D4 (Tb3+) state owing to back energy transfer at a rise
of the temperature. The value � = ET − E(5D4) = 350–1250 cm−1 is
lower than empirically determined value of the limit difference
� = 1850 cm−1 [54–56], at which the rate of the back energy
transfer becomes inessential. For example, in corresponding ter-
bium compounds with 2,2′-bipyridine Tb(RCOO)3·Bpy, where the
Bpy triplet is situated ∼1000 cm−1 higher than the Phen triplet,
the decrease of the lifetime of 5D4 state of Tb3+ ion at 295 K is
not observed. Triplet states of the majority of terbium carboxy-
late salts investigated in this work have also too high an energy
(22,000–23,000 cm−1) for active participation in the back energy
transfer.

The energies of the ligand lowest triplet state ET and the
quantities � = ET − E(5D4) are given in Table 5. At increasing the
temperature the efficiency of processes related to back energy
transfer grows, the contribution of kBET in the value of the life-
of the specimen Tb(PhOAc)3·Phen (4) having � = 770 cm−1 a fall
of the lifetime 	obs of 5D4 state from 1.60 to 0.17 ms occurs. In
benzoate Tb(Benz)3·Phen (2) with � = 350 cm−1 the 	obs = 0.17 ms
is reached at lower temperature, 305 K. Table 5 includes the rate
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c al fitting.
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ig. 10. Rate constant of the back energy transfer kBET (a) and the relative lumines
ircles represent the experimental data, and the solid line represents the exponenti

onstants kBET obtained from the difference of the values 1/	obs
Tb) = kr + kvibr + kBET at 295 K and 1/	obs (Tb) = kr + kvibr at 77 K,
nd the relative intensities of Tb3+ luminescence I295 K/I77 K. The
ehaviors of values kBET and I295 K/I77 K depended upon � can
e approximated by exponential fitting (Fig. 10). In the case of
itropropionate Tb(3-NProp)3·Phen, the triplet of NProp ligand
� = 500 cm−1) takes more active part in the back energy transfer
n comparison with the triplet of Phen (� = 1250 cm−1). Satisfac-
ory accordance of the plots “a” and “b” testifies to a paramount
nfluence of the back energy transfer processes on the intensity of
b3+ luminescence at 295 K.

It is possible to evaluate the intrinsic quantum yield of lumi-
escence ˚ = kr/(kr + knr) for acetates Ln(Ac)3·Phen. Taking into
ccount the change in the lifetimes at deuterium substitution one
an with good accuracy determine the rate of radiative processes kr,
hich is equal ∼0.46 ms−1 for Eu3+ ions in acetate. As, judging from

ur data, kr for Eu3+ and Tb3+ ions should not be substantially differ-
nt (	obs (Tb, 77 K) < 	obs (Eu, 77 K) by ∼5%), the intrinsic quantum
ield ˚ for Tb(Ac)3·Phen at 77 K is equal to ∼0.75. At room tem-
erature it drops to ∼0.45 caused by more active the back energy
ransfer. Overall luminescence quantum yield should be lower as
he efficiency of the excitation energy transfer from the ligands to
he Ln3+ ion usually is less than one.

It is interesting to look for correlation between the quenching
ate constant kBET (Tb3+) at 295 K dependent on the ligand triplet
nergy and details of the structure of complexes. One can see a
onsiderable change in the Phen triplet energy in the family of
imeric compounds investigated at changing the second ligand,
arboxylate anion. Broad range of the Phen triplet energy, from
0,850 cm−1 in gadolinium benzoate to 22,300 cm−1 in gadolinium
riphenylpropionate with Phen [46], demonstrates extraordinary
ensitivity of this state to the structure of compound. The energies
f the electronic states of Phen molecule depend on its interaction
ith the Ln3+ ion and to the lesser degree on weaker intermolecular

nteractions, in particular, on stacking interaction. In crude approx-
mation, with allowance made for low accuracy of determination
f the triplet energy a linear dependence between the experimen-
al value of Phen triplet energy T and the mean distance Eu–N in
he electronic ground state of complexes is observed (Fig. 11). The
horter is the bond Ln–N, the higher is the energy of the lowest
riplet state of Phen. The increase in the triplet energy can indicate
a less expanded” system of �-electron density in the Phen ligand
onded stronger with the metal cation. In accordance with the cor-

elation demonstrated for T state of Phen the rate constant kBET also
hould depend on the distance Ln–N (Fig. 11). High value of kBET and
ignificant lowering the luminescence intensity at increase of the
emperature correspond to terbium benzoate with relatively long
n–N bonds.
Fig. 11. Phenanthroline triplet state energy ET and kBET values as functions of aver-
age Eu–N distance. The solid lines represent the linear and exponential fittings.

4. Conclusions

The influence of the distortions of the lanthanide coordina-
tion polyhedron in dimeric carboxylates with 1,10-phenanthroline
Ln(RCOO)3·Phen on photophysical properties of compounds such
as the luminescence spectra, lifetimes of 5D4 (Tb3+) and 5D0 (Eu3+)
electronic states, features of the excitation energy transfer from the
ligands to Ln3+ ions and efficiency of luminescence was examined.

The relative contributions of the rates of the radiative and
nonradiative processes to the lifetimes were determined. The life-
time of 5D0 (Eu3+) state in the temperature interval from 77 to
295 K and the lifetime of 5D4 (Tb3+) state at low temperatures are
mainly determined by radiative processes and depend on details
of the charge distribution in the nearest surroundings of the Ln3+

ion that are connected with distortions of coordination polyhe-
dron of Ln3+ ion. Polyhedron distortions are to a great extent
caused by the range of the Ln–O bond lengths related to bridging-
cyclic carboxylic group that depends on the type and the size
of carboxylate anion. At prominent polyhedron distortions, as in
naphthylcarboxylates, benzoates and furancarboxylates, the rates
of the radiative processes become higher and the intensity of Eu3+

5D0–7F2 hypersensitive transition increases.
Multiphonon relaxation is the main nonradiative process in

europium compounds at 77–295 K and in terbium compounds at
77 K. The contribution of multiphonon relaxation to the lifetimes

measured is high enough in acetates, but it is substantially lower
in other compounds. A back energy transfer from 5D4 state of Tb3+

ion to the lowest triplet state related to Phen in most of compounds
is the principal nonradiative process contributing noticeably to
quenching in terbium compounds at high temperatures. In par-
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icular, this process leads to fourfold decrease in the intensity of
erbium benzoate in transition from 77 to 295 K. It was found, that
he lifetime of 5D4 (Tb3+) state and the luminescence efficiency of
erbium compounds at high temperatures depend substantially on
he bonding strength of phenanthroline with Ln3+ ion. The stronger
s the Ln–N bond, the higher is the relative intensity of lumines-
ence of terbium compounds I295 K/I77 K.

To increase the probability of induced electric-dipole tran-
itions, first of all, hypersensitive transitions in the lanthanide
arboxylates with Phen, one needs to create substantial distortions
f Ln coordination polyhedron with the help of voluminous car-
oxylate ligands. In the same time, to decrease the influence of
he back energy transfer processes on the quantum yield of lumi-
escence, relatively small changes in the Ln–N bond strengths are
ufficient.

In dimeric carboxylates Ln(RCOO)3·Phen, a range of the phenan-
hroline triplet state energy, from 20,850 to 21,750 cm−1, was
emonstrated in dependence on the type of carboxylate anion. That
oints to necessity of measurements of the triplet energy in every
articular case of analysis of processes of the energy transfer.

Closeness of the radiative lifetimes of 5D0 and 5D4 metastable
tates of Eu3+ and Tb3+ ions, respectively, located in the same crystal
eld was demonstrated. That is, the experimental rate of Eu3+ radia-
ive processes can be used for evaluation of the intrinsic quantum
ield of luminescence of Tb3+ ions.

CCDC 766008 (6), 766009 (11) and 766010 (10) contain the sup-
lementary crystallographic data for this paper. These data can be
btained free of charge from The Cambridge Crystallographic Data
entre via www.ccdc.cam.ac.uk/data request/cif.
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ppendix A. Supplementary experimental confirmation of
heoretical considerations presented in Ref. [29]

Experimental values of 	obs (5D0) observed for carboxy-

ates Eu(RCOO)3·Phen at 77 K (equated roughly to natural
ifetimes) are presented in Fig. 12 as a function of the ratio

I(5D0–7FJ)/I(5D0–7F1). In spite of the assumption made the curve
n this figure agrees closely with the curve in Fig. 3 of Ref. [29].

ig. 12. Dependence of the values 	obs (Eu3+, 77 K) on the ratio
I(5D0–7FJ)/I(5D0–7F1).
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