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Energy transfer in luminescent complexes of Eu m and Tb Iu with 
homo- and copolymers of acrylic acid and alkyl methacrylates 
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The influence of the composit ion and structure of a macromolecnlar  ligand on the 
efficiency of energy transfer in complexes of En III and Tb III with ligands based on acrylic 
acid has been studied. It has been found that a decrease in the size of an alkyl group of  
methacrytic esters and a low content  of acrylic moieties of Eu TM complexes with copolymers 
increase the efficiency of EH lu concentrat ion quenching. Insertion of noncoordinat ive alkyl 
methacrylate into the polymeric chain results in an increase in the efficiency of energy 
transfer from Tb 3+ to Eu3+~ 
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T h e  p o l y m e r i c  n a t u r e  o f  a l igand in m a c r o m o l e c u l a r  
m e t a l  c o m p l e x e s  ( M M C )  t,z m a k e s  t he  f o r m a t i o n  o f  
c o o r d i n a t i o n  b o n d s  b e t w e e n  a me ta l  a n d  a c h e l a t i n g  
f r a g m e n t  d i f f icul t ,  w h i c h  resul ts  in t he  a p p e a r a n c e  o f  
c o o r d i n a t i o n a l l y  n o n s a t u r a t e d  s t r u c t u r e s  and  in t h e  
m a n i f e s t a t i o n  o f  new i n t e r e s t i ng  p r o p e r t i e s  of  M M C. In 
pa r t i cu la r ,  t h e  ex i s t ence  o f  t h e s e  s t r u c t u r e s  in l a t h a n o i d  
M M C  affec ts  subs t an t i a l l y  the  p h o t o c h e m i c a l  and  l u m i -  
n e s c e n t  p r o p e r t i e s  o f  p o l y m e r i c  c o m p l e x e s .  C o n f o r m a -  
t iona l  c h a n g e s  i~l the  m a c r o m o l e c u l a r  l igand ( M M L )  
d e t e r m i n e  the  in tens i ty  o f  l u m i n e s c e n c e  o f  Eu 111 and  
Tb  II1 u p o n  U V - i r r a d i a t i o u  3 and  u l t r a s o n i c a t i o n  4 o f  poly-  
m e r i c  c o m p l e x e s .  

T h i s  work  s tud ied  the  ef fec t  o f  the  c o m p o s i t i o n  and  
s t r u c t u r e  o f  M M L  o n  t he  e f f i c iency  o f  e n e r g y  t r ans f e r  
b e t w e e n  ions  in c o m p l e x e s  of  ELI II1' and  T b  III wi th  
p o l y m e r s  based  o n  acryl ic  acid.  

Experimental 

Copolymers of acrylic acid (AA) with esters of the meth-  
acrylic acid of methyl (MMAA),  ethyl (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 % Ligand 
solution of  AA in dioxane at 60 °C for 3 h. Dinitrile azobis- 
isobutyrate (0.5 % of the monomer  weight) was used as initia- 
tor of the polymerization. The composit ion of the copolymers I 
was calculated by the content  of carboxyl groups, and the 

2 
molecular weight of the polymer was determined by the 

3 
Staudinger  method.  6 The composi t ion of  macromolecnlar  4 
ligands is presented in Table I~ 5 

Polymeric complexes with different contents  of  europium 6 
were obtained by the reaction of  a solution of  one of  the 

7 
copolymers in dioxane with a solution of EuCI 3 " 6 H 2 0  in 

ethanol followed by stirring the mixture for I 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 ethanol,  and dried in vacuo for 48 h 
at 60 °C, 

Iteterometa}lic Tb/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 T b / E u - - P A A  
were obtained by the procedure described previously. 7 

The content  of rare-earth elements in complexes was 
determined by the following procedure: a weighed sample of  
metal chelate in a porcelain crucible was heated in a muffle 
fl~rnace at a rate of 200 °C h -I  to 700 °C and calcined at this 
temperature for I h. The content  of lanthanide was calculated 
on the basis of the stoichiometry of Ln203. In the case of 
heterometallic MMC, the resulting oxide was dissolved in a 
small amount  of dilute HCI upon heating, the mixture was 
brought to a certain volume by distilled water, and the content  
of europium was determined by the atomic adsorption method. 
The content  of the second lanthanide was calculated by the 
residue of oxide Ln203, subtracting the content  of Eu203 from 
the total amotmt of oxides. 

Table 1. Composi t ion of macromolecular  ligands 

Copolymer Content  Average molecular 
of AA weight of polymer, 

(tool. %) M" 104 

M MAA 12.6 1.6 
EMAA 19.7 1.7 
EMAA 22.6 2.0 
EMAA 40.1 3.1 
EMAA 60.9 3.5 
BMAA 16.8 2.3 

PAA 100.0 6,5 

Translated from lzvestiya Akademii Nauk. Seriya Khimicheskaya, No. 6, pp. 1425--1428, June, 1996. 
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Luminescence spectra were recorded on all SDL-I spec- 
trometer at 300 K. IR spectra were recorded on a Specord-75 
IR spectrophotometer as films on KBr plates. The lifetime of 
the excited state orTb III ('0 was determined by the analysis or 
curves of luminescence decay obtained by irradiation of a 
sample by the pt,lse of a nitrogen LGI-21 laser (r = 20 as, 
~. = 337 nm). 

Signals from a FEU-79 photoelectron multiplier were 
recorded on the display of an $8-12 oscillograph. 

Results and Discussion 

Complexes of laqthanides(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 tool. % 
are partially soluble in water. The solubility of the 
complexes decreases as tile content of Ln I11 increases. 

The IR spectra of the samples obtained testify to the 
chemical binding of tile rare-earth ion by the functional 
groups of M M L  The spectra of copolymers based on 
AA and the spectra of PAA exhibit the absorption band 
at 1700 cm -t  corresponding to stretching vibrations of 
the nonionized and noncoordinated COOH group. In 
the spectra of the complexes of Ln 3+ with MML, the 
intensity of the band at 1700 cm -I decreases, and the 
absorption band at 1540--1560 cm -I  appears, which 
corresponds to ant isymmetric  Vas(COO-) stretching vi- 
brations of ionized carboxyl groups. 8 

UV irradiation of MMC of Eu m and Tb m com- 
pounds results in their luminescence. The luminescence 

spectra of tile complexes under  study are sets of discrete 
lines cor responding  to the Stark f - - f - t r a n s i t i o n s  
5D0--7F j (Eu 3+) and 5D4--TF j (Tb3+). 

The energy transfer between rare-earth ions can re- 
stilt in either hmfinescence quenching of the ion-donor  
or sensitization (ignition of hmfinescence) of ion-accep-  
tots of excitation due to ion-donors of excitation. When 
the energy is transferred between the same ions, the 
excitation migration and conceqtration quenching oc- 
cur. The main mechanisn}s 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. 9 

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 conceqtration of fimctional groups and 
metal ions. Unlike polyacrylates of Eu III, it] which the 
intensity of the luminescence increases monotonical ly as 
the europium concentrat ion increases, z the intensity of 
the lumi,lescence in the con]pounds based on copoly- 
mers with AA reaches a maximum at a metal content  of 
6--18 wt. % and decreases as the content of Eu III 
further increases (Fig. I). 

The rate of concentratio,~ quenching of the lumines-  
cence of Eu 3+ 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 corn- 
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Fig. I. Dependences of the intensity of luminescnce on concentration oF Eu III in complexes: a, Eu--EMAA 3 (I).  Eu- -BMAA 6 
(2), Eu--MMAA I (3); b, Eu--EMAA 5 (/), Eu--EMAA 4 (2), Eu--EMAA 3 (3). 
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plexes wilh M M A A  are character ized by a higher inten- 
sity of  hmlinescence  of  Eu 3+ compared  to the com-  
plexes with EMAA and BMAA at the same con-  
centra t ions  of  europium(HI).  

Despite the great number  of  binding groups, coordi -  
i lat ionally nonsatura ted structures are formed in the 
synthesis of  complexes  with MML.  I It is likely that in 
the initial complex  more bulky substi tuents of  ethyl and 
butyl methacryla te  create great steric hindrances that 
prevent the format ion of  coordinat ion bonds between a 
metal and a chelat ing fragment of  M M L  As a result, a 
high local concent ra t ion  of  metal ions is achieved faster 
in the E t l - - M M A A  complex with a less bulky substitu- 
ent, and the concent ra t ion  qt, enching is observed even 
at 6--8 wt. % of  Etd II (see Fig I, a). 

The content  o f  AA in the copolymer  also affects the 
efficiency of  the energy migration in the polymers under  
study: the rate o f  concentra t ion  quenching increases as 
the content  o f  AA decreases from 60 to 20 tool. % in 
complexes of  europium with EMAA (see Fig. I, 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 concentra t ion  of  metal ions is achieved as 
the AA content  decreases. 

Heterometa l l ic  M M C  T b / E u - - P A A  and T b / E u - -  
BMAA were chosen as model  systems for studying the 
effect of  the composi t ion  of  M M L  oll the efficiency of  
Tb 3+ --~ Eu 3+ energy transfer. The rigid fixation of  ion- 
donors and ion-acceptors  on M ML el iminates  the ef- 
fects of  diffusional approaching  ill the donor -accep to r  
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  Tb 3+ 
( k l u  m = 545 I l l l l )  O i l  the concentra t ion of  Eu HI in the 
T b / E u - - P A A  (7) and T b / E u - - B M A A  (6) complexes are 
presented ill Fig. 2. When the concentra t ion of  the 
acceptor  (Eu 3+) in the complexes  under study increases, 
the intensity of  the luminescence and the lifetime of  the 
excited state of  the donor  (Tb 3+) decreases. As can be 
seen from Fig. 2, the efficiency of  the Tb 3+ ~ Etl3+ 
energy transfer is substantial ly higher in the complex 
with copo lymer  than in the complex with homopolymer .  
in fact, in the case of  the T b / E u - - B M A A  complex,  at 
equimolar  content  of  Tb 3+ (donor)  and Eu 3+ (acceptor)  
ions (C = 0.167 tool L- I ) ,  tile intensity o f t h e  lumines- 
cence of  Tb 3+ decreases by 99 %, and the lifetime of  the 
exci ted  state of  Tb 3+ decreases  4 .4-fo ld .  For  the  
T b / E u - - P A A  complex  under  the same condit ions,  the 
intensity of  luminescence  of  Tb 3+ decreases by 28 % 
only, and the l ifet ime of  Tb 3+ decreases 1.4-fold. 

Awl important  peculiari ty of  the energy transfer by 
the induct ive- resonance  mechanism is the strong de- 
pendence of  its efficiency on the distance R between the 
donor  and acceptor .  The  critical distance R0, at which 
the probabil i t ies of  the energy transfer from Tb 3+ to 
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Fig. Z. Dependences of tile intensity of luminescence and 
lifetime of tile excited state of Tb 3+ (Llu m ---- 545 nnl) on 
concentration of Etl III in complexes Tb/Eu--PAA 7 ( I and 2) 
and Tb/Eu--BMAA 6 (3 and 4). 

Eu 3+ and deactivation of  Tb 3+* are equal,  was deter-  
mined by the formula I° 

R03 = 3000/4rtN [Eu3+ll/2, 

where N is the Avogadro number,  and [Eu3+lj/2 is the 
concentra t ion of  Eu 3+ ions at which the lifetime of  the 
excited state Tb 3+* is twofold lower than that in tile 
absence of  the acceptor  (determined frown the data in 
Fig. 2). 

Fo r  the T b / E u - - B M A A  c o m p l e x ,  assumi~lg 
IEu3+ll/2 = 0.24 tool L - I ,  the following value of  the 
critical distance was obtained: R 0 = 11.8 A. The average 
Tb- -Eu  distance was determined from the data in Fig. 2 
using the correlation II 

FIFo = [I + (R0/R)61 -I ,  

where F 0 is the intensity of  luminescence of  Tb 3+ in the 
absence of  Eu 3+, F is the intensity of  Tb 3+ in the 
presence of  Eu 3+, R is the Eu - -Tb  distance,  and R 0 is 
the critical distance of  energy transfer. 

It was determined from the data presented ill Fig. 2 
that at equimolar  concentra t ions  of  [Eu3+l and [Tb3+l 
F/F o = 0.01 and the average distance R-rb_E, = 5.6 A. 
Therefore,  it was calculated for the T b / E u - - P A A  com- 
plex: [Eu3+11/2 = 0.75 tool L - I ,  R 0 = 8.1 A, and 
RTb_Et , = 9 .5  A. 

The experimental  data obtained testify that the com-  
position of  M M L  affects substantial ly the efficiency of  
the energy exchange between Tb 3+ and Eu 3+ ions: the 
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insertion o f  noncoordina t ive  alkyl methacrylate  into the 
polymeric  chain increases the efficiency of  the energy 
tra,lsfer Tb 3+ --~ Eu 3+, It is known that the addit ion of  
trivalent REE to aqueous solutions of  PAA results in the 
formation of  intrachain complexes in which one metal 
ion corresponds to a fragment of  10--13 monomer ic  
traits. Iz It is likely that the insertion of  noncoordinat ive 
butyl methacryla te  into the polymeric  chain causes the 
formation of  polymer ic  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 enhancemen t  of  the efficiency of energy trans- 
fer between lanthanide  ions. 

This work was financially supported by the Russian 
[ :ounda t ion  for Basic Research  (P ro jec t  No. 
95-03-09558a).  
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