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The luminescence excitation energy transfer in europium and terbium indole-3-carboxylates, indole-3-acetates
and indole-3-propionates as well as ternary indolecarboxylates containing 1,10-phenanthroline and 2,2’-bipyridine
molecules have been studied. The luminescence excitation spectra, the lifetimes of the *Dg (Eu*") and D4 (Tb*")
states, and the luminescence intensity are analyzed. The decisive role of ligand-metal charge transfer (LMCT) states
in the quenching of the luminescence of europium aromatic carboxylates containing a z7-excessive pyrrole or indole
fragment is demonstrated. Most europium compounds are characterized by quenching due to the depopulation of
the °Dy state of the Eu*" ion through the low-energy LMCT state. But in some ternary compounds, the LMCT
state being of higher energy participates in the nonradiative depopulation of the excited electronic states of the

ligand.
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Introduction

In coordination compounds of easily reducible lanthanide
ions (Eu3*, Yb**, Sm3*, Tm3"), the electron density
of the highest filled orbital of ,soft“ donor ligand can
shift towards the Ln** ion forming low-energy states of
Hligand—metal“ charge transfer (LMCT), which are often
responsible for luminescence quenching [1-3]. With the
help of theoretical modeling of the processes of lanthanide
complexes quenching at different relative energies of the
electronic states of the ligand, the LMCT state, and
the 4f-states of the Ln>" ion two dominant quenching
channels were determined: ,Ln3t — LMCT-state“ and
Hligand — LMCT-state“ [4,5]. Nonradiative processes are
most efficient when the LMCT state is located near the
lowest ligand triplet [4]. The effect of the luminescence
quenching of europium coordination compounds with the
participation of LMCT states formed the basis of the thermal
sensors proposed in the papers [6,7).

Charge transfer states 2p(O)-Eu®" have been identified
in a number of aromatic europium carboxylates; their
influence on the energy transfer to the Eu** ion is also
considered [8-10]. When introducing electron-donor sub-
stituents -OCH3, -OH, -NH, in ortho- or para-position of the
aromatic ring of europium benzoate the shift of the electron
density to the Eu’* ion leads to the formation of low-
energy states LMCT [8]. The incorporation of methylene
groups -CH,- into the carboxylate, which weaken the
conjugation between the carboxyl group and the aromatic
fragment, can also significantly decrease the energy of the
LMCT state [9]. The appearance of an excess of electron
density capable of shifting to the Eu’* ion is possible

8*

in pyrrole-containing carboxylates, where parallel oriented
orbitals of the lone pair of electrons of the nitrogen atom
and sr-electrons of the aromatic system of the ligand are
conjugated. The participation of the LMCT state in the
luminescence quenching of europium pyrrole-2-carboxylate
Eu(PCA)3 . 3H20 ([{EH(PCA)3 (H20)2}~H20]n) has re-
cently been studied [10]. A similar effect should be
expected in europium indolecarboxylates with the same
mutual orientation of the ligand orbitals, but with an ex-
tended s-conjugated aromatic system. Efficient fluorescence
quenching of indole solutions by Eu’* and Yb’' ions
as compared to other Ln?* ions relates to same nature
phenomena [11].

In the present work, we consider the features of lu-
minescence excitation of europium and terbium indole-
3-carboxylates, indole-3-acetates and indole-3-propionates,
including those with additional ligands: 1,10-phenanthroline
and 2,2'-bipyridine. It is shown that in europium com-
pounds the decisive role in the excitation energy transfer
to the Eu’* ion and luminescence quenching belongs
to the low-energy LMCT state. A comparison is made
with europium and terbium pyrrole-2-carboxylates and
pyridinecarboxylates. The effect of methylene bridges on
the structure of compounds and on the excitation energy
transfer to the Ln* ion is discussed.

Only a few spectroscopic and X-ray diffraction studies of
lanthanides pyrrole- and indolecarboxylates are known [12-
15]. At the same time, a significant number of papers relates
to the study of pyrrole-containing carboxylates of other
metals and carboxylic acids with a pyrrole fragment [16-
21]. Interest in these compounds is due to the fact



116

V.I. Tsaryuk, K.P. Zhuravlev

that many biologically important compounds, such as
hemoglobin, chlorophyll, vitamin B12, and a number of
hormones, include fragments of pyrrole or indole. Indole
derivatives, indolecarboxylic acids and corresponding metal
complexes, including lanthanide complexes [13,15], exhibit
anti-inflammatory, antibacterial, antiviral, and antioxidant
activities [22,23].

Experimental part

Indole-3-carboxylates  Ln(ICA)3;-3.5H,0 (1, 1a),
indole-3-acetates Ln(IAA);-1.5H,O0 (2, 2a) and
indole-3-propionates Ln(IPA)3;-H,O (3, 3a) (Ln=Eu, Tb),
as well as ternary compounds with 1,10-phenanthroline
(Phen) and 2,2'-bipyridine (Bpy): Eu(ICA)s-Bpy (4),
Tb(ICA)3- Bpy (5), Tb(ICA);- Phen - H,O (6),
Eu(TAA)3-Phen (7), Tb(IAA);-Phen (8), Eu(IPA)s;-Bpy (9)
were studied. Compounds in the form of powders were
synthesized according to standard procedures [10]. The
listed compounds are summarized in the Table. Figure 1
shows the formulas of the ligands containing the pyrrole
fragment. Comparison of the spectroscopic characteristics of
isostructural compounds of the easily reduced Eu** ion and
the easily oxidized Tb** ion (in particular, 1 and 1a, 2 and
2a, 3, and 3a) facilitate the identification of LMCT states
and the analysis of luminescence excitation energy
transfer in europium compounds. The luminescence and
luminescence excitation spectra of europium and terbium
compounds, the lifetimes of the electronic states Do
(Eu3*) and D4 (Tb**) and integral luminescence intensity,
phosphorescence spectra of gadolinium compounds, and
vibrational IR spectra were reviewed.

The luminescence and excitation spectra of europium and
terbium compounds were obtained using LOMO ISP-51
spectrometers with a photoelectronic cassette FEK-2/3648
and SLM Aminco SPF 500 at 77 and 295K. The
excitation spectra were registered while monitoring the
region of the most intense lines of transition *Do—'F,
(Eu**) and 5D4—"Fs (Tb*"). Phosphorescence spectra of
gadolinium compounds and lifetimes of excited electronic
states Dy (Eu’*) and D4 (Tb3*) were measured using
setup based on LOMO UM-2 monochromator with a
highly sensitive photomultiplier Hamamatsu H6780-20. The
sources of luminescence excitation were a high-pressure
mercury lamp DRSH-250 and LED Nichia High-Power
LED NCSUO033B. Luminescence was excited at a wave-
length of 365nm of UV radiation. Energy values of the
lowest triplet state T; of ICA, IAA and IPA ligands, equal
to ~ 23400, ~ 21800 and ~ 21000 cm™! respectively, were
determined by the short-wavelength edge of phosphores-
cence bands of binary compounds of gadolinium, registered
at 77K with a time delay. Approximate energy values
of the lower excited singlet state S; of indolecarboxylate,
equal to 32000—32800cm~! in binary compounds and
25500—27000 cm ™! in ternary compounds, were obtained
from the long-wavelength edge of the ligand band in the ex-

citation spectra of terbium or europium compounds at 77 K.
These energy values refer to zero-phonon 0—O0-transitions
in wide bands of ligands T;—S and $—S; due to strong
electron-vibrational interaction. To analyze decay processes
of the states Doy (Eu’*) and D4 (Tb**) mono- and
biexponential fitting of the decay kinetics was applied using
Origin 8.0 program. For most compounds, the experimental
lifetimes were in better agreement with the biexponential
decay law than with the monoexponential one. In these
cases, the average lifetime was determined [24]. Deviations
from the monoexponential nature of the luminescence
are usually associated with the influence of uncontrolled
impurities and/or with complex processes of excitation
energy transfer to the Ln®" ion. When estimating the
integral intensities by the luminescence spectra, the samples
of the compounds were under strictly identical conditions.
Vibrational IR spectra of compound emulsions in Nujol and
fluorinated oil were registered by Nicolet Magna 750 FTIR
spectrophotometer at 295 K.

Results and discussion

Structure of lanthanide indolecarboxylates and lumi-
nescence features

In accordance with the experimental data, the structures
of the compounds are formed from molecules consisting
of Ln atom, three indolecarboxylate anions coordinated by
the metal through oxygen atoms, and water molecules. In
ternary compounds instead of water molecules there is
a heterocyclic diimine molecule coordinated through two
nitrogen atoms. According to the vibrational IR spectra, the
binary compounds of europium and terbium with each of
the three indolecarboxylic acids (1 and 1a, 2 and 2a, 3 and
3a) are isostructural, as pyrrole-2-carboxylates [10]. During
the syntheses of extended series of ternary compounds, a
tendency was revealed for the IAA and IPA ligands to
form isostructural pairs of Eu and Tb complexes, while
such a tendency was not observed for the ICA ligand.
All ternary indolecarboxylates studied in this paper have
different structures.

The interpretation of the IR spectra shown in Fig. 2
was carried out taking into account the results of study
of indolecarboxylic acids and the corresponding complexes
with metals [17-20,25]. Intense bands in the region
of 1400—1600cm~! refer to symmetric vs(COO~) and
antisymmetric v,(COO™) stretching vibrations of the co-
ordinated carboxyl group and complex stretching vibrations
of aromatic rings. A small splitting v(COO™ ), amounting to
~ 100 cm~! in most compounds, indicates the equivalence
of the effective charges on the oxygen atoms and bidentate-
cyclic and/or bridging bidentate coordination of carboxyl
groups. The splitting increasing to ~ 170cm~! with a
large number of components vs(COO™ ) and v,(COO™) in
ternary compounds 7, 8, and 9 with IAA and IPA ligands
is presumably related to several types of coordination
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Figure 1. Structural formulas of pyrrole- and indolecarboxylic acids.
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Figure 2. Vibrational IR spectra at 295K: (left) Eu(ICA)s - 3.5H,O (1) (a, b), Eu(IAA);s- 1.5H,0 (2) (¢), Eu(IPA);- H,O (3) (d);
(right) Eu(ICA)3-Bpy (4) (a), Tb(ICA);-Bpy (5) (b), Tb(ICA)s- Phen - H,O (6) (c), Eu(IAA)3- Phen (7) (d), Tb(IAA);- Phen (8) (e),
Eu(IPA);- Bpy (9) (f). Spectra a, ¢ and d in the left panel are layers in Nujol (asterisks mark bands of Nujol), other spectra are layers in

fluorinated oil.

of COO-groups, including the tridentate bridging cyclic
coordination.

Bands in the region of 2800—3700 cm~! refer to sym-
metric and antisymmetric stretching vibrations of coordi-
nated and outer-sphere water molecules v(H,O), stretching
vibrations v(N—H) and v(C—H). Two strong lines at
3400cm~! in the spectra of binary compounds indicate
that N—H-group is free and does not participate in the
formation of hydrogen bonds. The appearance of two
v(N—H) components is due to the non-equivalence of the
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ligands. The wide band in the region of 2600—3650 cm™!
of the spectra of binary compounds is related to the
network of hydrogen bonds formed by water molecules.
The intensity of this band is consistent with the number of
water molecules in the compounds.

The appearance of widened band at 3200cm~! in
ternary compounds and the weakening or disappearance
of narrow lines of N—H-group indicates the formation of
hydrogen bonds with oxygen atoms of carboxyl groups
N—H-: - -O. The compounds contain both bound and un-



118

V.I. Tsaryuk, K.P. Zhuravlev

]

Intensity, arb. units
o

A

580 600 620 640 660 680 700 720
Wavelength, nm
Figure 3. Luminescence spectra Eu(ICA); - 3.5H,O (1) (a),
Eu(IAA);-1.5H,O  (2) (b), Eu(ICA);-Bpy (4) (c),
Eu(IAA);3- Phen (7) (d), Eu(IPA)s- Bpy (9) (e) at 77K.

f

bound N—H-groups with the exception of indolecarboxylate
Eu(ICA);-Bpy (4) and indoleacetate Eu(IAA)3;-Phen (7),
where all N—H-groups are involved in hydrogen bonds. The
water molecules of the complex Tb(ICA)s- Phen- H,O (6)
also form hydrogen bonds.

The maximum possible number of Stark components
of electronic transitions in the luminescence spectra of
europium indolecarboxylates and the different nature of
the splitting (Fig. 3) indicate a low symmetry of the
nearest environment of the Ln’* ion with different types
of distortions. In the investigated indole-3-acetates and
indole-3-propionates the methylene bridges -CH;- ,,move*
the bulky aromatic fragment away from the Ln** ion, this
reduces its steric effect on the nearest environment of Ln3*
and leads to crystal field distortions decreasing similarly to

lanthanide phenyl- and naphthylcarboxylates [9,26]. This
is indicated by decreasing of the integral intensity of
the hypersensitive electric dipole transition *Do—'F, with
respect to the intensity of the magnetic dipole transition
5Dy—7F;. The rate of natural radiative processes also
decreases, which leads to increased lifetimes of the states
Dy (Eu**) and °D4 (Tb**) to 127—174ms in 7, 8,
and 9 ternary compounds with IAA and IPA ligands as
compared with lifetimes equal to 0.67—090ms in 4, §,
and 6 compounds with the ICA ligand (Table).

Another manifestation of the methylene bridges effect
on the characteristics of indolecarboxylates relates to Eu’*
luminescence quenching through the LMCT states. ,,De-
coupling”“ of m—am-system of an aromatic carboxylate by
—CH,— groups can lead to the electron density shift of
the carboxyl group to the Eu’* ion to form low-energy
LMCT states, as observed in europium phenyl- and naph-
thylcarboxylates [9,26]. If in europium indole-3-carboxylates
the electron density shifts free from sr-excessive indole
fragment to the Eu®" ion, then in indole-3-acetates and
indole-3-propionates such shift is blocked by methylene
bridges. But at the same time, blocking causes the shift to
Eu* of the electron density present on the carboxyl group.

The low intensity of the luminescence of lanthanide
binary compounds is explained by the low probability of
intercombination conversion and, accordingly, the weak
population of the triplet due to the large energy range
S;—T;, which increases from ~ 8600 to ~ 10200 and
~ 11800cm~! in compounds with ICA, IAA and IPA
ligands, by high rate of multiphonon nonradiative relaxation
due to the water molecules presence, and also, as will be
shown below for europium compounds, by the quenching
effect of low-energy LMCT states. The higher by one—two
orders of magnitude of luminescence intensity of ternary
lanthanide compounds at 77K is due to the presence of
wide absorption band of ligands in the region of used
excitation 365 nm, smaller intervals S;—T; in both ligands
and, accordingly, a higher probability of intercombination
conversion, the absence of quenching water molecules,
and, according to the low-temperature excitation spectra,
by the absence of quenching involving LMCT in europium
compounds.

Lifetimes of °Dy (Eu*")- and 3D, (Tb>* )-states

The lifetime of the lower excited emitting state Ln’*
in lanthanide coordination compounds can be represented
as 7 = 1/(Kr + Kyior + Kimer + Ker + Kin—1n), where Kk, is
rate of natural radiative process, and the remaining contribu-
tions to 7 are the rates of nonradiative processes [27]. Kyipr
refers to multiphonon relaxation involving high-frequency
stretching vibrations of ligands, kpmcer describes the deple-
tion of the level Ln** through the low-energy LMCT state,
Kgr is back energy transfer from the level Ln3* to the lowest
ligand triplet, Ki,_1, is concentration quenching. As a
rule, the concentration quenching of Ln—Ln in carboxylates,
where the distance Ln—Ln exceeds 4A, is negligibly
small [10,28]. The rates k; and Ky, do not depend sig-
nificantly on temperature in the used temperature range [1]

Optics and Spectroscopy, 2022, Vol. 130, No. 1
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Studied europium and terbium indolecarboxylates, lifetimes 7 (ms) of *Dy (Eu*') and D4 (Tb*") states and the

luminescence intensity with temperature increasing from 77 to 295K. Adexe = 365nm

change in the

Ne Compound 77K T295K 77K T295K l29sx/177x l205x/177k
(Eu3+) (Eu3+) (Tb3+) (Tb3+) (Eu3+) (Tb3+)
,1a | Ln(ICA);-3.5H;0 (Ln=Eu, Tb) 0.51 022 0.71 0.70 024 1
2,22 | Ln(IAA);-1.5H,0 (Ln=Eu, Tb) 0.73 ~0.21 1.09 1.06 0.06 0.5
3,32 | Ln(IPA)y-H,0 (Ln=Eu, Tb) 0.90 ~0.16 121 113 001 03
4 Eu(ICA)3-Bpy 0.67 0.63 0.05
5 Tb(ICA);-Bpy 0.79 0.83 2
6 Tb(ICA);-Phen -H,0 0.90 051 0.1
7 Eu(IAA)3-Phen 127 0.40 001
8 Tb(IAA)3-Phen 1.74 ~ 0.05 001
9 Eu(IPA)3-Bpy 1.56 1.19 0.04

in contrast to kpmer and Kgr. Kgr contribution is relevant
only for some terbium compounds under study, where the
energies of the triplet state of the ligand and states °Dy
are sufficiently close. Therefore, the processes involving
LMCT, described by kimcr, are responsible for the lifetime
reduction of °Dy state and, accordingly, the luminescence
intensity decreasing of the europium compounds presented
in the Table, with temperature increasing. The effect of
the LMCT state on luminescence is determined both by
the position of the minimum of the potential curve of this
state and by the shape of the curve. If the LMCT energy
is sufficiently high, then this state may be involved in the
depletion of the electronic levels of the ligand, which will
lead to decreasing of the luminescence quantum yield, but
will not affect the lifetime of Dy-state [5,26,29,30].

In europium binary compounds 1, 2, 3 and terbium
compounds la, 2a, 3a at 77K the lifetime 7 increases
successively in the series of ICA, IAA, IPA ligands (Table),
which is largely due to decreasing of the number of water
molecules and, accordingly, decreasing of multiphonon
relaxation rate. In compounds with the highest water con-
tent: Ln(ICA); - 3.5H,0 (1, 1a), except for the significant
contribution of Ky, to 7, the increased contribution to 7
will also given by k; due to distortions introduced by steric
hindrance. According to the excitation spectra (Fig. 4),
in europium binary compounds at 77K the contribution
of quenching involving charge transfer states kpmcr is
also active. The longer lifetime in terbium compounds
is explained by the absence of this quenching channel in
addition to the larger energy interval between °Dj- and
7Fy-multiplets, which causes a smaller value of multiphonon
relaxation.

Lifetime of >Dy-state in terbium compounds, except
for Tb(ICA)3;-Phen-H,0O (6) and Tb(IAA);-Phen (8),
does not change with temperature increasing or changes
slightly. In 6 and 8 compounds the lifetime decreases upon
heating, respectively from 0.90 to 0.51 ms and from 1.74 to
~ 0.05ms, and the luminescence intensity also decreases.
In 6 this is due to the back transfer of excitation energy
from °Dy-level (~20500cm~!) to phenanthroline triplet
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(~ 21500 cm~! [28], A =~ 1000 cm~"'), while ICA triplet
(~23400cm~!) is located too high to participate in the
back transfer. In compound 8, the back transfer on triplets
of both ligands is possible: Phen and IAA (~ 21800 cm™!).
In compound Tb(ICA);-Bpy (5) the triplet of additional
ligand Bpy (~ 22500cm~1!), as well as ICA, is located
significantly above the level °Dy, so there is no back transfer
of excitation energy.

Successive decrease in the lifetime of >Dy-state at 295K
in relation to its value at 77K in the series of europium
binary compounds 1, 2, 3 indicates the 3Do—LMCT activa-
tion energy decreasing. A sharper drop in the luminescence
intensity of europium compounds upon heating as compared
to terbium compounds also indicates the involvement of
the LMCT states in the quenching of the former. In
compound 1 the electron density of the ligand due to
its excess on the indole fragment shifts to the Eu®* ion
resulting in the formation of the low-energy LMCT state. In
compounds 2 and 3 this shift is modified with methylene
bridges, as described above.

In the europium ternary compound Eu(ICA);-Bpy (4)
the lifetime of >Dy-state upon temperature increasing
changes slightly, while the luminescence intensity drops
sharply. This indicates the transfer of the excitation energy
from the electronic states of the ligand to the LMCT state
with its further nonradiative relaxation. In the case of
compounds Eu(IAA);-Phen (7) and Eu(IPA);-Bpy (9)
both the lifetime of the state °Dy, and the luminescence
intensity decrease, this is associated with the 3Dy level
depletion upon the LMCT state participation.

Luminescence excitation spectra

The conclusions about the LMCT state effect on
the processes of luminescence quenching of europium
indolecarboxylates obtained from the data analysis of
the Table are confirmed by the luminescence excitation
spectra. The spectra presented in Fig. 4 indicate the
difference in the processes of energy transfer in eu-
ropium and terbium indole-3-carboxylates, as in case of
pyrolle-2-carboxylates [10]. The efficiency of excitation of
the Tb3* ion in both of them through the wide band of the
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Figure 4. Luminescence excitation spectra: (left) pyrrolecarboxylates Tb(PCA)s - 3H,O at 77K (a) and Eu(PCA); - 3H,O at 77 (b)
and 295K (c); (right) binary indolecarboxylates Tb(ICA)s; - 3.5H,O (1a) at 77 (a) and 295K (b), Tb(IAA)3;-1.5H,O (2a) (c),
Tb(IPA);- H,O (3a) (d), Eu(ICA); - 3.5H,0 (1) (e) and Eu(IAA)s- 1.5H,0 (2) (f) at 77K.

ligand in the UV range is high as compared to the efficiency
of excitation of the Eu3* ion. The short-wavelength part
of this band belongs to transitions S—S; (7—a*). The
long-wavelength part of the band can be attributed to intra-
ligand charge transfer (ILCT), associated with the electron
density shift of sz-electrons of the aromatic system, which
includes the lone pair of electrons of the nitrogen atom,
to COO -group [31]. The excitation band of terbium
indolecarboxylate Tb(ICA)s - 3.5H,O (1a) has a longer
wavelength edge than that of terbium pyrrolecarboxylate Tb
(PCA)3 - 3H,0 due to longer w—sm-conjugated system. The
hypsochromic shift of the band in terbium indolepropionate
Tb(IPA);- H,O (3a) as compared to 1a is associated with
weakening of the conjugation system of s;-electrons by
methylene bridges —(CH,),—.

Very low intensity of the ligand bands and narrow
lines of the Eu*' ion in the region shorter than 390 nm
in the excitation spectra of Eu(ICA);-3.5H,O (1) and
Eu(TIAA)s- 1.5H,O (2) (Fig. 4) as in spectra of europium
pyrrole-2-carboxylate Eu(PCA); - 3H,O refers to lumines-
cence quenching involving the LMCT state. In pyrrolecar-
boxylate the intensity decreasing of the lines of transition

"Fy—>Lg of the Eu* ion at room temperature is observed,
while the excitation spectra of indolecarboxylates 1 and
2 at 295K were not registered due to extremely weak
luminescence. Taking into account the temperature behavior
of the lifetime of 3Dy-states and luminescence intensity of
binary europium indolecarboxylates (Table), which differs
from the behavior of these characteristics for terbium
isostructural compounds, it can be assumed that in the
former the minimum of the potential LMCT curve is below
5Dy-state, which contributes to the depletion of the latter.
According to the spectroscopic data, the LMCT energy,
as well as the activation energy (equal to ~ 3900cm™!
for pyrrole-2-carboxylate [10]) should not differ much in
indole-3-carboxylate 1 and pyrrole-2-carboxylate, while in
indole-3-acetate 2 and indole-3-propionate 3 the activation
energy should be lower.

In most lanthanide ternary compounds and, in partic-
ular, in europium and terbium indolecarboxylates with
2,2'-bipyridine (Fig. 5), the excitation band extends to the
long-wavelength range up to ~ 400nm. Since the long-
wavelength edge of the band of Phen and Bpy in the
excitation spectra usually lies near ~ 350 and ~ 325nm,

Optics and Spectroscopy, 2022, Vol. 130, No. 1
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Figure 5. Luminescence excitation spectra of ternary indole-
carboxylates: Tb(ICA)3-Bpy (5) at 77 (a), Eu(ICA)s- Bpy (4) at
77 (b) and 295K (c), Eu(IPA);- Bpy (9) at 77 (d) and 295K (e).

respectively, this widening is due to the strength change of
the binding of the indolecarboxylate ligand in the crystal
lattice during the ternary compounds formation. The band
shift can be associated with both the donor ability increasing
of the ligand aromatic system and by the acceptor ability
increasing of the COO™-group. A similar extension of
the fluorescence excitation band is also observed in zinc
indole-3-propionate with 1,10-phenanthroline [21].

In contrast to compound Tb(ICA)s- Bpy (5), which has
a wide excitation band at both 77 and 295K, in europium
compounds Eu(ICA);-Bpy (4) and Eu(IPA);-Bpy (9) at
295K the intensity decreasing of the ligands band and lines
of high-frequency transitions of the Eu®* ion is observed.
The quenching LMCT states participate in the excitation
energy transfer process. As noted above, when the
temperature changed from 77 to 295K, the luminescence
intensity decreased in both europium compounds, but the
lifetime decreased only in 9. This indicates a higher
position of the LMCT level in compound 4 and a back
transfer of the excitation energy, presumably from the ICA
ligand triplet to LMCT, with its further degradation into
the crystal lattice, in contrast to quenching of 3Dg-state
in 9. In these compounds, upon excitation into the Bpy
absorption band the energy can be transferred from the
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Bpy singlet state (~ 30500 cm~!) to the indolecarboxylate
singlet (~ 25500—27000 cm~!) followed by quenching by
two different mechanisms. The higher LMCT energy and
higher activation energy in europium ternary compounds as
compared to binary ones are evidenced by the presence of
the ligands band in the former at 77K and its absence in
the latter.

In contrast to the previously studied lanthanide
pyridinecarboxylates [32], in which the lone pair of elec-
trons of the nitrogen atom does not interact with the
qr-electron system of the pyridine ring because of orthogonal
orientation of orbitals [31], in indolecarboxylates, as well
as in pyrrolecarboxylates, p-orbital of the nitrogen atom
is included in conjugation with sr-electron system of the
heterocycle due to the parallel orientation of the orbitals.
The electrons dektet distributed over nine atoms of the
system of two cycles of indole-3-carboxylate, and the
electrons sextet distributed over five atoms of the cycle
of pyrrole-2-carboxylate provide an excess of electron
density in the aromatic system, due to which low-energy
LMCT states appear in europium compounds. In europium
pyridinecarboxylates there is no excess electron density
in the ligand in comparison with these systems, therefore
the LMCT state, which is high-energy, has not been
identified [32]. The luminescence excitation spectra of
europium and terbium pyridinecarboxylates are identical in
the region of the electronic bands of the ligand and has low
dependence on temperature.

Conclusions

Luminescence excitation processes in
indole-3-carboxylates Ln(ICA)s - 3.5H,0, indole-3-acetates
Ln(TAA)s- 1.5H>0 and indole-3-propionates Ln(IPA);- H,O
(Ln=FEu, Tb) were studied, as well as in the series of
europium and terbium ternary indolecarboxylates with
1,10-phenanthroline and 2,2’-bipyridine. The luminescence
excitation spectra, the lifetimes of the states Do (Eu’*)
and 3Dy (Tb)**) and luminescence intensity were analyzed.
Vibrational IR spectra indicate the same structure of
europium and terbium binary compounds with each of
the three indolecarboxylic acids. In all binary compounds
N—H-group is free. Ternary compounds are characterized
by a different structure with a network of hydrogen bonds
formed by N—H-groups.

The primary role of the LMCT states in the excitation
energy transfer to the Eu" ion and in the luminescence
quenching of aromatic europium carboxylates containing
pyrrole or indole fragment is demonstrated. The con-
jugation of parallel oriented orbitals of the lone pair of
electrons of the nitrogen atom and the sr-electrons system
of the aromatic fragment of the ligand creates an excess
of electron density, which in indole-3-carboxylates, as in
pyrrole-2-carboxylates, can shift towards the Eu®* ion
with the formation of low-energy LMCT states. In
indole-3-acetates and indole-3-propionates the formation of
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LMCT states is modified by methylene bridges. In the
studied europium compounds with z-excessive ligands two
channels of luminescence quenching with the participation
of LMCT are active. Most europium compounds are
characterized by quenching determined by the nonradiative
deactivation of 3Dg-state of the Eu3* ion through a low-
energy state of ,ligand—metal“charge transfer. But in some
ternary compounds, the charge transfer state, being high
energy state, is involved in emptying the excited electronic
states of the ligand.
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