
Effect of ultrasonic irradiation 
on luminescence properties of 
lanthanide-polyelectrolyte complexes 

J. Kido* and Y. Okamoto t  
Department of Chemistry, Polytechnic University, 333 Jay Street, Brooklyn, NY 11201, USA 

and N. Yoshioka, H. Nishide and E. Tsuchida 
Department of Polymer Chemistry, Waseda University, Shinjuku, Tokyo 169, Japan 
(Received 13 June 1991; revised 12 August 1991; accepted 29 August 1991) 

Luminescence properties of Tb 3+- or Eu3+-polycarboxylate complexes in aqueous solution were 
investigated. The excitation bands near 300 nm for terbium- or europium-polyacrylate solutions were 
drastically enhanced by the addition of hydroxyl-radical generating reagents as well as ultrasonic irradiation. 
These spectral changes were attributed to the energy transfer from chromophore molecules formed by the 
hydroxyl radicals generated in both systems. 
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I N T R O D U C T I O N  EXPERIMENTAL 

The luminescence properties of lanthanide ions are Materials. PAA (Mw = 2.5 × 105) and poly(metha- 
extremely sensitive, termed hypersensitive, to their co- crylic acid) (PMA) ( M ,  = 3.0 × 105) were prepared by 
ordinative environment 1. These metal ions, particularly radical polymerization. The copolymer ofmaleic acid and 
Eu3+ andTb3+ ,havebeen  used as luminescent probes to ethylene (MAE) (Mw = 2.5 × 105) was obtained from 
study ionomer structures 2-4 and ion binding properties of hydrolysis of the corresponding maleic anhydride co- 
synthetic polyelectrolytes 5-1° as well as biopolymers 1 ~ -~5  polymer purchased from Monsanto. Poly(vinyl alcohol) 
Although the luminescence intensity of the ions is quite (PVA) (Mw = 1.4 x 104), poly(ethylene glycol) (PEG)  
weak in aqueous solutions due to efficient luminescence ( M ,  = 1.0 x 104) and poly(sodium 4-styrenesulphonate) 
quenching by hydrated water molecules, the intensity is (PStSO3Na) were obtained from Aldrich. Terbium 
enhanced upon binding to either polycarboxylate or chlor ide ( T b C I 3 . 6 H 2 0 )  and eu rop ium chlor ide  
polysaccharides. (EuC13 • 6H20)  were purchased from Research Chemicals 

Previously Yoshino et al. have reported the effect of and used without further purification. 
ultrasonic irradiation on solutions o fTb  3 + ion complexes The pH values of the polymeric or monomeric acid 
with polycarboxylates 6. They found that the luminescence solutions containing terbium chloride were adjusted to 
properties of aqueous solutions of Tb 3 + complexes of between 7 and 9.5 by the addition of NaOH. 
polycarboxylates such as polyacrylate (PAA) and maleic 

acid copolymers were drastically changed by ultrasonic Ultrasonic irradiation was carried out with a Bransonic 
irradiation. The excitation band of the Tb 3 + ion at 220 ultrasonicator (55 kHz). A polymer solution (10 ml) 
310 nm (emission at 545 nm) was greatly enhanced in a 20 ml vial with a stopper was placed in the centre 
upon ultrasonic irradiation. The results were interpreted of the sonicator bath with water at the sample solution 
in terms of changes in the binding mode of poly- level. The sample was then irradiated with ultrasound 
carboxylates by ultrasonic irradiation, for a known period. The water temperature was kept at 

We have found that the addition of radical-forming ~ 10°C by circulating cold water through a copper tube 
reagents to solutions of T b - P A A  have also led to such in the sonicator bath. 
enhancement of the Tb 3 + excitation band. The lumines- 
cence spectral profile was identical to that observed for 
the sonicated T b - P A A  solution. However, the lumines- Measurements. Luminiescence spectra were taken with 
cent species exhibiting that particular excitation band at a Perkin Elmer MPF-44B or a Jasco FP-770 spectro- 
310 nm in both systems have not been identified and the fluorometer. U.v. absorption spectra were taken with a 
origin of the band still remains uncertain. We have Cary 2300 or a Shimadzu UV-240 spectrophotometer. 
attempted to clarify this ambiguity and the results are 
reported in this paper. 

RESULTS AND DISCUSSION 
• Present address : Department of Materials Science and Engineering, 
Yamagata University, Yonezawa, Yamagata 992, Japan Addition of sodium polyacrylate to an aqueous solution 
5-To whom correspondence should be addressed of TbC13 led to the enhancement of the luminescence 
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Figure 1 Excitation spectra of (a) T b 3 + - P A A  and (b) Eu3+-PAA,  in aqueous solutions (A) before and (B) after ultrasonic irradiation for 1 h. 
[PAA]  = 50 mN,  [Ln  3+ ] = 1 mM,  pH ~9.5 ,  2era = 545 nm for Tb 3+ and 2=m = 615 nm for Eu 3+. The intensity scale is arbitrary 

intensity of the Tb 3 + ion. This enhancement is caused 
primarily by the replacement of hydrated water molecules 
to the Tb 3+ ion with carboxylate ligands. Water ~ 
molecules act as efficient luminescence quenchers, hence 
displacement of such molecules from the first coordination 
sphere of the Tb 3 + ion results in increasing luminescence 
intensity as well as luminescence lifetime 16'17. It was 
reported 6 that the luminescence properties of Tb-poly- 
carboxylate solutions were further changed by irradiation ~" 
of the solutions with ultrasonic waves. In the cases of ~" 

- t 
PAA and MAE, the broad excitation bands peaking at ~= 
310nm for Tb 3+ and 330nm for Eu 3+ were greatly § 
enhanced as shown in Figure 1. The intensity increased 
with irradiation time and gradually decreased upon '~ 

. . . I  
standing at room temperature or heating at 60°C 4// 
for 30 min. ~ Y /  

We found that the addition of a radical-generating t~=o 
reagent, K2S2Os, to a Tb-PAA solution followed //,/ 
by incubation at 60°C greatly enhanced the excitation ~ /  i,~ 
bands at 310nm which also decreased upon ageing 
(Figure 2)*. The spectral profile is identical to that for 200 300 400 500 
the sonicated Tb-PAA solutions. The luminescence Wavelength (nm) 
intensity at 310 nm increased with incubation time and Figure 2 Time course in the excitation spectra of T b 3 + - P A A  in the 
w a s  proportional to the concentration of K2S208 presence of K2S208 at 60°C. [PAA]  = 3 0 m N ,  [Tb  3+] = 1 mM,  
added. [K2S2Os] = 1 mM,  pH ~8.0.  The time interval between each scan is 

Other radical-generating reagents were also examined 10 min, and the intensity scale is arbitrary 
in the Tb-PAA system and the results are summarized such as aqueous azobis(2-amidinopropane) dihydro- 
in Table 1. Among these reagents, the luminescence chloride (AAPD), and methanolic azobisisobutyronitrile 
intensity at 310 nm was enhanced only by the addition (AIBN) and benzoyl peroxide (BPO) solutions did not 
of K 2 S 2 O a ,  ( N H 4 )  2 820 8 o r  H 2 0  2. These reagents are 
known to generate hydroxyl radicals in aqueous solution cause any spectral changes. These results suggest that 
after decomposition by heating. On the other hand, hydroxyl radical formation is essential for causing such 

enhancement in the luminescence of TbS+-polymer 
systems which do not involve hydroxyl radical formation complexes. The concentration of hydroxyl radical generated 
* Incubated below 40°C no spectral changes were observed, indicating by the addition of K2S2Os was determined by the 
that no reaction took place between the complex and K2S20 s spectroscopic method of Gutteridge and Wilkins is, and 
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T a b l e  1 Intensity of the excitation band at 310 nm" for the Tb-PAA hand ,  b r o a d  exci ta t ion bands  often result  f rom lumines-  
system in the presence of various radical generators cence sensi t izat ion by a c h r o m o p h o r e ,  that  is, ab so rbed  

Reagent  b Solvent Relative intensi ty  c energy by the organic  molecules  is t ransferred to the 
meta l  ion in a non- rad ia t ive  or  rad ia t ive  m a n n e r  2°-22. 

K2S208 Water 100 Such in t ra-  or  in te rmolecula r  energy transfer  occurs to 
( N H 4 ) 2 5 2 0 8  Water 66 the metal  ion emissive levels from a higher  energy singlet 
H20 2 Water 23 or  tr iplet  state of the organic  molecule.  Since the b r o a d  
AAPD Water 0.33 
AIBN Methanol 0 exci ta t ion band  such as seen for Eu 3+ PAA after 
BPO Methanol 0 sonica t ion  in Figure 1 has not  been repor ted  as an 

intr insic Eu 3 + exci ta t ion band ,  the b road  bands  near  
")'=m = 545 nm 300 nm in Tb or  Eu are l ikely to be the consequence  of  
h [ R e a g e n t ]  = ! m M  sensi t izat ion by ch romophores .  However ,  po lymer  mole-  ' [PAA] = 30mN, [Tb 3+ ] = 1 mM, pH = 8. Luminescence spectra 
were taken after incubation at 60°Cfor30min cules such as PAA and  M A E  do not  possess any 

c h romophore s  to transfer  energy to the metal  ion. Thus,  
Table2 Intensity of the excitation band at 310nm a for Tb 3+ if the excitat ion bands  near  300 nm are due to sensitization, 
complexes of various ligands in the presence of K2S20 8 the sensit izing organic  groups  should  be p r o d u c e d  upon  

Ligand b Relative intensity c u l t rasonic  i r r ad ia t ion  or  by the add i t i on  of hydroxy l  
rad ica l - forming  reagents .  I t  is k n o w n  tha t  u l t rasonic  

PAA 100 i r r ad ia t ion  of  aqueous  po lymer  solu t ions  yields hydroxyl  
P M A  1.4 radicals  23 and it may  follow that  c h r o m o p h o r e  molecules  
PVA 0.72 will be p roduced  by  the chemical  react ions  of  hydroxyl  
PStSO3Na 0.71 
PEG 0 radicals .  
Acrylic acid 0 The  u.v. abso rp t ion  spectra  of M A E  solut ions  in the 
Propionic acid 0 presence or  absence of  the Tb  3 + ion, and  before and  after 
Maleic acid 0 sonicat ion,  are shown in Figure 3. After sonica t ion  a 
1,3 ,5-Pentanetr icarboxyl ic  acid 1.1 b r o a d  band  peaking  at 280 nm appeared .  In  add i t ion  to 

a.~em = 545 nm the band  at 280 nm, ano the r  b r o a d  band  appea red  at  
b [Ligand ] = 30 mN 310 nm in the presence of Tb 3 + ion. This band  at 310 nm 
C[K2S208] = 1 mM,[Tb 3÷] = 1 mM, pH = 8. Luminescence spectra was also seen as a shoulder  in the T b - P A A  system 
were taken after incubation at 60°C for 30 min a l though  it is not  as distinctive.  The intensi ty of  these 

abso rp t ion  bands  at  310 nm seems to be p r o p o r t i o n a l  to 

was found to be p r o p o r t i o n a l  to the enhancement  of 
luminescence intensi ty  in the T b - P A A  system. It  is, 
therefore,  poss ible  to de te rmine  the hydroxy l  radical  1.0" 
concen t ra t ion  in aqueous  so lu t ion  by using the T b - P A A  
complex .  

The effect of l igand s t ructure  on  the enhancement  of  
luminescence intensi ty by radical  genera tors  were investi-  [ 
gated with var ious  po lymer ic  and monomer i c  l igands.  
K z S 2 0  8 was a d d e d  as a hydroxy l  radical  genera to r  for 
the Tb  3 + complexes ,  and  the results  are summar ized  in 
Table 2. In the cases of P M A ,  PVA, PS tSO3Na ,  P E G  
and pen tane t r i ca rboxy l i c  acid,  the effect of K2SzO 8 was 
negligible c o m p a r e d  with PAA.  This is reasonable  since 
the Tb 3+ ion does  not  form complexes  with PVA and 
P E G ,  and only weakly  forms a complex  with P S t S O 3 N a  g , ,  
in aqueous  solut ions.  Consequent ly ,  any  s t ructura l  ~ o . s  ",  
changes in these po lymers  do not  have any influence on ~ \ 
the luminescence p roper t i e s  of the Tb 3 + ion. In  the case ~ " 
of  P M A ,  the effect of  add ing  the radica l  genera to r  was ,, , 
found to be negligible.  I t  should  be no ted  that  ul t ra-  
sonica t ion  also had  no effect on the luminescence of  the 
T b - P M A  system. The  b ind ing  p roper t i e s  of  bo th  P A A  ' ~ "~x  ',,K 
and  P M A  are qui te  s imi l a r '  the Tb  3 + ion is condensed  ~', \ 
on to  the po lymer  by  site b ind ing  with three to four ' \ 
hyd ra t ed  water  molecules  7. Therefore,  any differences \ ~', 
seen with hydroxy l  radicals  are  not  due to po lymer  ", 
configurat ion or  complex structure.  A structural  difference "- .",~. " 
between these po lymers  is the presence of the methyl  A ' -  -. 
g roup  for P M A  and  the presence of  the e -hyd rogen  for 

I I | I 

PAA.  The effect of such differences will be discussed la ter  = s o  a o o  a s o  4 o o  

in this paper .  Wavelength, am 
The exci ta t ion  peak  at  310 nm in Tb  3 + luminescence 

is referred to as a hypersensi t ive  band.  However ,  there Figure 3 U.v. absorption spectra of Tb 3÷ MAE in aqueous solutions. 
[MAE] = 50mN, pH = ~9.5; ( . . . .  ), in the absence of Tb 3+ 

are very few repor ts  conce rn ing th i s  band  8"19 and  deta i led (A) before and (A') after sonication; ( ), in the presence of 
pho tophys ica l  p roper t ies  are still unknown.  On  the o ther  2 mM Tb 3+ (B) before and (B') after sonication 
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Eu-acetonedicarboxylate and Tb-succinic semialdehyde. 
The band is broader and much more intense than the 
intrinsic 4f-4f  Tb 3 + absorption. Since these transitions 
are not intrinsic Tb 3 + or Eu 3 + transitions, luminescence 
sensitization by the ketone or aldehyde moiety of the 
ligands takes place. Although the locations of the peaks 
are not exactly the same as found in the irradiated 
Tb3+-polymer  complexes, these results support the 
possibility of energy transfer from carbonyl groups in the 
polymeric systems. 

The results show that the effect of ultrasonic irradiation 
observed in T b - P A A  is well reproduced by the addition 
of hydroxyl radicals. It is concluded that the luminescence 

.~ excitation bands around 300 nm in Tb 3 ÷ as well as in 
c the Eu 3+ polymer complex solutions after ultrasonic 

-* ~ irradiation do not originate from intrinsic Tb 3 + or Eu 3 + 
~, / ~ 4f-4f  transitions but are energy transfer bands of the 

complexes. The chromophore molecules are formed by 
® ultrasonic irradiation, and are slowly decomposed by 
~ reduction or oxidation in aqueous solution. Consequently 
~' the excitation band enhanced by ultrasonic irradiation 

e decreases upon standing at room temperature or heating. 
~ The complex species, however, could not be identified 

due to the low concentrations of the particular complex 
molecules. 

A 
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