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Energy transfer in luminescent complexes of Eull! and Tb!!! with
homo- and copolymers of acrylic acid and alkyl methacrylates
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The influence of the composition and structure of a macromolecular ligand on the
efficiency of energy transfer in complexes of Eulfl and Tb!!! with ligands based on acrylic
acid has been studied. it has been found that a decrease in the size of an alkyl group of
methacrylic esters and a low content of acrylic moicties of Euf!l complexes with copolymers
increase the efficiency of Eu''l concentration quenching. Insertion of noncoordinative alkyl
mcthacrylate into the polymeric chain results in an increase in the cfficiency of energy

transfer from Tb3* to Eud*.
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The polymeric nature of a ligand in macromolecular
metal complexes (MMC)EE makes the formation of
coordination bonds between a metal and a chelating
fragment difficult, which results in the appearance of
coordinationally nonsaturated structures and in the
manifestation of new interesting properties of MMC. In
particular, the existence of these structures in lathanoid
MMC affects substantially the photochemical and lumi-
nescent properties of polymeric complexes. Conforma-
tional changes in the macromolecular ligand (MML)
determine the intensity of luminescence of Eu!!! and
Tbi! upon UV-irradiation3 and ultrasonication? of poly-
meric complexes.

This work studied the effect of the composition and
structure of MML on the efficiency of energy transfer
between ions in complexes of Eull' apnd Tb'M with
polymers based on acrylic acid.

Experimental

Copolymers of acrylic acid (AA) with esters of the meth-
acrylic acid of methyl (MMAA), cthyl (EMAA), and butyl
methacrylate (BMAA) were obtained by radical polymerization
according to the procedure described previously.5 Polyacrylic
acid (PAA) was obtained by radical polymerization of a 30 %
solution of AA in dioxane at 60 °C for 3 h. Dinitrilc azobis-
isobutyrate (0.5 % of the monomer weight) was used as initia-
tor of the polymerization. The composition of the copolymers
was calculated by the content of carboxyl groups, and the
molecular weight of the polymer was determined by the
Staudinger method.®8 The composition of macromolecufar
ligands is presented in Table |,

Polymeric complexes with different contents of curopium
were obtained by the reaction of a solution of one of the
copolymers in dioxane with a solution of EuCly:6H,0 in

ethanol followed by stirring the mixture for { h, and a solution
of ammonia in ethanol was preliminary added to pH 7. Then
the mixture was poured into a large amount of distilled water,
washed with water and cthanol, and dried in vacuo for 48 h
at 60 °C.

Heterometallic To/Eu MMC were obtained by pouring a
solution of BMAA in dioxane and a solution of chlorides of
the corresponding lanthanides in ethanol together, a solution
of ammonia in ethanol was added to the mixture to pH 7, and
then as described above. Complexes of Tb and Tb/Eu—PAA
were obtained by the procedure described previously.”

The content of rare-carth elements in complexes was
determined by the following procedure: a weighed sample of
metal chelate in a porcelain crucible was heated in a muffie
furnace at a rate of 200 °C h™! to 700 °C and calcined at this
temperature for 1 h. The content of lanthanide was calculated
on the basis of the stoichiometry of Ln;O5. In the case of
heterometallic MMC, the resulting oxide was dissolved in a
small amount of difute HCI upon heating, the mixture was
brought to a certain volume by distilled water, and the content
of curopium was determined by the atomic adsorption method.
The content of the second lanthanide was calculated by the
residue of oxide LnyO3, subtracting the content of Eu,0; from
the total amount of oxides.

Table 1. Composition of macromolecular ligands

Ligand Copolymer  Content Average molecular

of AA weight of polymer,
{mol. %) M- 104

1 MMAA 12.6 1.6

2 EMAA 19.7 1.7

3 EMAA 226 2.0

4 EMAA 40.1 31

5 EMAA 609 3.5

6 BMAA 16.8 23

7 PAA 100.0 6.5
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Luminescence spectra were recorded on an SDL-1 spec-
trometer at 300 K. IR spectra were recorded on a Specord-75
IR spectrophotometer as films on KBr plates. The lifctime of
the excited statc of To!!! (1) was determined by the analysis of
curves of lumincscence decay obtained by irradiation of a
sample by the pulse of a nitrogen LGI-21 laser (x+ = 20 ns,
» = 337 nm).

Signals from a FEU-79 photoclectron multiplier were
rccorded on the display of an S8-12 oscillograph.

Results and Discussion

Complexes of fanthanides(in) with MML based on
AA are white powders that are soluble in cyclohexanone,
methyl ethyl ketone, and partially in dioxane; metal
polymers with a content of AA higher than 60 mol. %
are partially soluble in water. The solubility of the
complexes decreases as the content of Ln'!! increases.

The IR spectra of the samples obtained testify to the
chemical binding of the rare-earth ion by the functional
groups of MML. The spectra of copolymers based on
AA and the spectra of PAA exhibit the absorption band
at 1700 ecm™! corresponding to stretching vibrations of
the nonionized and noncoordinated COOH group. In
the spectra of the complexes of Ln3* with MML, the
intensity of the band at 1700 cm™! decreases, and the
absorption band at 1540—1560 cm™! appears, which
corresponds to antisymmetric v, (COO™) stretching vi-
brations of ionized carboxyl groups.8

UV irradiation of MMC of Eu'l and Tb'!! com-
pounds restutlts in their luminescence. The luminescence

spectra of the complexes under study are sets of discrete
lines corresponding to the Stark f—f-transitions
5D0_7F}, (EUJ+) and SD,‘—?F" (Tb3+)

The energy transfer between rare-earth ions can re-
sult in either luminescence quenching of the ion-donor
or sensitization (ignition of fuminescence) of ion-accep-
tors of excitation due to ion-donors of excitation. When
the energy is transferred between the same ions, the
excitation migration and concentration quenching oc-
cur. The main mechanisms of the resonance interaction
of lanthanide ions are the electric dipole-dipole and
exchange interactions, and the efficiency of migration
and relaxation processes in solids depends on the
composition and structure of luminescent centers.?

The dependence of the intensity of the luminescence
of MMC with europium on the metal content in the
complex indicates that the structure of polychelate with
copolymers (MMAA, EMAA, and BMAA) contain areas
with a high local concentration of functional groups and
metal ions. Unlike polyacrylates of Eu''!, in which the
intensity of the luminescence increases monotonically as
the europium concentration increases,? the intensity of
the luminescence in the compounds based on copoly-
mers with AA reaches a maximum at a metal content of
6—18 wi. % and decreases as the content of Eu'll
further increases (Fig. 1).

The rate of concentration quenching of the lumines-
cence of Eu3* in the complexes with copolymers in-
creases as the size of the alkyl group of esters of meth-
acrylic acid decreases and reaches a maximum for the
complex with methyl methacrylate. The europium com-
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Fig. 1. Dependences of the intensity of luminescnce on concentration of Eull! in complexes: 0, Eu—EMAA 3 (), Eu—BMAA 6
(D), Eu=MMAA 1| (3); b, EuU—EMAA 5 (), Eu—EMAA 4 (2), Eu—EMAA 3 ().



1358 Russ. Chem. Bull., Vol. 45, No. 6, June, 1996

Mirochnik er al.

plexes with MMAA are characterized by a higher inten-
sity of luminescence of Eu3* compared to the com-
plexes with EMAA and BMAA at the same con-
centrations of europium ).

Despite the great number of binding groups, coordi-
nationally nonsaturated structures are formed in the
synthesis of complexes with MML.! It is likely that in
the initial complex more bulky substituents of ethyl and
butyl methacrylate create great steric hindrances that
prevent the formation of coordination bonds between a
metal and a chelating fragment of MML. As a result, a
high local concentration of metal ions is achieved faster
in the Eu—MMAA complex with a less bulky substitu-
ent, and the concentration quenching is observed even
at 6—8 wt. % of Eulll (see Fig I, a).

The content of AA in the copolymer also affects the
efficiency of the energy migration in the polymers under
study: the rate of concentration quenching increases as
the content of AA decreases from 60 to 20 mol. % in
complexes of europium with EMAA (sce Fig. 1, b). The
observed increase in the efficiency of energy exchange
can be explained by the fact that the number of Eu
atoms per carboxyl binding group of PAA increases and
a higher local concentration of metal ions is achieved as
the AA content decreases.

Heterometallic MMC Tb/Eu—PAA and Tb/Eu—
BMAA were chosen as model systems for studying the
effect of the composition of MML on the efficiency of
Tb3* - Eu’t energy transfer. The rigid fixation of ion-
donors and ion-acceptors on MML eliminates the ef-
fects of diffusional approaching in the donor-acceptor
pair and allows any required distance, close or far, to be
achieved.

The dependences of the intensity of the lumines-
cence and the lifetime of the excited state of Tb3*
(Mum = 545 nm) on the concentration of Eu''! in the
Tb/Eu—PAA (7) and Tb/Eu—BMAA (6) complexes are
presented in Fig. 2. When the concentration of the
acceptor (Eu?*) in the complexes under study increases,
the intensity of the luminescence and the lifetime of the
excited state of the donor (Tb3*) decreases. As can be
seen from Fig. 2, the efficiency of the Tb3* o Eud*
energy transfer is substantially higher in the complex
with copolymer than in the complex with homopolymer.
In fact, in the case of the Tb/Eu—BMAA complex, at
equimolar content of Tb3* (donor) and Eu3* (acceptor)
jons (C = 0.167 mol L"), the intensity of the lumines-
cence of Tb?* decreases by 99 %, and the lifetime of the
excited state of Tb3* decreases 4.4-fold. For the
Tb/Eu—PAA complex under the same conditions, the
intensity of luminescence of Tb3* decreases by 28 %
only, and the lifetime of Tb3* decreases |.4-fold.

An important peculiarity of the energy transfer by
the inductive-resonance mechanism is the strong de-
pendence of its efficiency on the distance R between the
donor and acceptor. The critical distance Ry, at which
the probabilities of the energy transfer from Tb3* to
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Fig. 2. Dependences of the intensity of luminescence and
lifetime of the excited state of Tb¥* (&, = 545 nm) on
concentration of Eul!l in complexes To/Eu—PAA 7 (/ and 2)
and Tb/Eu—BMAA 6 (7 and 9).

Eud* and deactivation of Tb3** are equal, was deter-
mined by the formula!®

Ry? = 3000/4x N [Eu3*], p,

where N is the Avogadro number, and [Eu’*], , is the
concentration of Eu’t jons at which the lifetime of the
excited state Tb3** is twofold fower than that in the
absence of the acceptor (determined from the data in
Fig. 2).

For the Tb/Eu—BMAA complex, assuming
[Euw3*]j/2 = 0.24 mol L™!, the following value of the
critical distance was obtained: Ry = 11.8 A. The average
Tb—Eu distance was determined from the data in Fig. 2
using the correlation!!

F/Fy = [1 + (Ry/ R,

where £ is the intensity of luminescence of Tb3* in the
absence of Eul*, F is the intensity of Tb3* in the
presence of Eud*, R is the Eu—Tb distance, and Ry is
the critical distance of energy transfer.

It was determined from the data presented in Fig. 2
that at equimolar concentrations of [Eu3*] and [Tb3*]
F/Fy = 0.01 and the average distance Rpy_g, = 5.6 A.
Therefore, it was calculated for the Tb/Eu—PAA com-
plex: [Eu3*];,, = 0.75 mol L™!, Ry = 8.1 A, and
RTb—Ell =95 A

The experimental data obtained testify that the com-
position of MML affects substantially the efficiency of
the energy exchange between Tb3* and Eu3* ions: the
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insertion of noncoordinative alkyl methacrylate into the
polymeric chain increases the efficiency of the energy
transfer Tb3* — Eu3*. It is known that the addition of
trivalent REE to aqueous solutions of PAA rcsults in the
formation of intrachain complexes in which one metal
ion corresponds to a fragment of 10—13 monomeric
units. 12 It is likely that the insertion of noncoordinative
butyl methacrylate into the polymeric chain causes thc
formation of polymeric areas with a high local density of
negatively charged carboxylate groups of PAA and, hence,
metal ions. In turn, the formation of ion aggregates
facilitates enhancement of the efficiency of energy trans-
fer between lanthanide ions.
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