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1. INTRODUCTION 

Photochemistry of actinide and lanthanide ions have been attracted 

increasing interests in the field of inorganic photochemistry. We have been 

participated in the investigation of excitation process of lanthanide ions and 

revealed sensitization phenomenon of dysprosium ion by excited uranyl ion in 

aqueous system [1]. 

This system was revealed to show some characteristic behavior which 

arises from following points; (1) both donor and acceptor being metal ion, (2) 

excited state of donor species being triplet. In this paper, we present the 

energy transfer and a deactivation processes process involving paramagnetic 

metal ions. 

2. EXPERIMENTS 

M a t e r i a l s . 

A stock solution of uranyl perchlorate was prepared by the method 

described previously[2]. Stock solutions of lanthanide perchlorate were 

prepared by dissolving G.R. grade lanthanide oxides into 5 mol dm"3 perchloric 

acid. Lanthanide solutions with low concentration of acid were prepared by 

dissolving lanthanide oxides into equimolar amount of 0.1 mol dm"3 

— 898-

l)r，οcL'Cding.、。fthe6th Intcrn.lIionalSyrnpo、iUI11

00 
Advanccd Nuclear Energy R俗earch

-INNOVATIVE LASER TECHNULOGIES IN NUClEAR ENERGY-

Energy transfer and q uenching processes 
of excited uranyl ion and lanthanide ions in solutions. 

Tomoo Yamamura and Hiroshi To凶抑制

Research Laboratoり，for Nuclear Reactors， 
Tokyo Institute of Technology 

O-okayama， Meguro-ku， Tokyo， Japan 

Deactivation processes of photoexcited uranyl ion by various lanthanide 

ions in aqueous solution were studied. Each lanthanide ions show different 

inter~ction w1th excited uranyl ion dcpending on its lowest excited energy 

level， the number of 4f electrons and the acid concentratior of the solutioli. 

keywords: excited uranyl ion， energy transfer， quenching， lanthanide ion 

1. INTRODUCTION 

Photochemistry of actinide and lanthanide ions have been attracted 

increasing interests in the field of inorganic photochemistry. We have been 

participated in the investigation of excitation process of lanthanide ions and 

revealed sensitization phenomenon of dysprosium ion by excited uranyl ion in 

aqueous system [1]. 

This system was revealed to show some characteristic behavior which 

arises from following points; (1) both donor and acceptor being meta1 ion， (2) 

excited state of donor species being triplet. In this paper， we present the 

energy transfer and a deactivation processes process involving paramagnetic 

metal ions. 

2. EXPERIMENTS 

Materials. 

A stock solution of uranyl perchlorate was prepared by the method 
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dissolving lanthanide oxides into equimolar amount of 0.1 mol dm-3 
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perchloric acid and its pH were adjusted with glass electrode pH meter (TOA ion 

meter MODEL IM-20E). 

Emission Measurements. 

Emission and excitation spectrum of samples were obtained by using 

Hitachi 850 fluorescence spectrophotometer . Laser f l a s h p h o t o l y s i s 

experiments were carried out by using a N2-dye laser (Horiba NDL-100) with 

stilbene 3 and a nanosecond fluorometer (Horiba NAES-500) and a personal 

computer. 

In solutions containing U02 2 + and Ln3+, the irradiations were carried 

out at 414nm or 427nm, at which wavelength the lanthanide ion has no 

absorption peaks. 

3. RESULTS AND DISCUSSION 

Energy transfer in highly acidic solution. 

Even in the region of high perchloric acid concentration, where both 

uranyl and lanthanide ions are not hydrolyzed, Dy3+ shows sensitization from 

excited uranyl ion [1]. In solutions containing U022 + and Dy3+ ([HC104j=2.5 mol 

dm"3), the irradiation with 414nm laser resulted in the excitation of only 

U 0 2 2 + , because Dy3 + has- no absorption at this wavelength. The sensitized 

emission of dysprosium ion was not observed in fluorospectrophotometric 

measurements even in D2O solutions [3], but observed in H2O solution as the 

differential spectrum at 0.5^s by the flash photolysis method (Fig.l). The 

differential-transient-emission spectra have a maximum peak at 578nm and it 

agrees well with the transient emission spectrum measured for Dy3 + in the 

absence of U022 + . 

The emission intensity I(t) at 578nm was analyzed in the dual 

exponential function with time t: 

' ( ' ) = /O.uor e x p ( - - ^ - ) + / Q l V . e x p ( - - ^ - ) (1), 

where /0UO2* and / 0 D ^ referred to the emission intensity at time t=0 for two 

excited species, and Tuo,* and T » the lifetimes of these species. The time t=0 is 

defined as the end of irradiation pulse. The lifetime of the first term TUO2* 

decreases with increasing the concentration of dysprosium ion [Dy3+] and this 

behavior well explains the quenching of excited uranyl ion, whereas the 
second term x * =(2 .5-3 .0)xl0 6 s _ 1 is independent of [Dy3+]. These results 

clearly indicate that the energy transfer takes place from excited uranyl ion to 

dysprosium ion. 
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where lo.uol・and 10・町恥 referred to the emission intensity at time t=O for two 

excited species， and τuol+ and τ町3+ the lifetimes of these species. The time t=O is 

defined as the end of irradiation pulse. The lifetime of the first term τuol+ 

decreases with increasing the concentration of dysprosium ion [Dy3+] and this 

behavior well explains the quenching of excited uranyl ~ ion， whereas the 
second term τEポ =(2.5・3.0)xI06s-1is independent of [Dy3+]・Theseresults 

clearly indicate that the energy transfer takes place from excited uranyl ion to 

dysprosium ion. 
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The sensitization is not observed for Eu3+ and Gd^+ ions entirely. The 

observation of sensitized emission for Sm^+ and Tb^+ ions, which are known as 

emissive metal ions in aqueous solution, have failed because those ions have 

absorptions around the absorption peak of uranyl ion (414nm) and the 

spectrum width of our dye-laser (<10nm) is not narrow enough. 

The quenching rale constant of dysprosium ion for emission of uranyl 

ion is determined to be kq=2.01xl06mol-1dm3 s-l ([HC104]=3.2 mol dm"3) from 

the Stern-Volmer plot. The quenching rate constants of excited uranyl ion by 

various lanthanide ions (Table 1) and in different acid concentration (Table 2) 

were determined from Stern-Volmer plots. 

The difference in the behavior of Dy3+ and Eu^+ to energy transfer 

could be explained by the difference in the overlap between the absorption 

spectra of lanthanide ions and the emission spectra of uranyl ion. The 

mechanism of energy transfer is considered to be a radiationless transfer due 

to electron-exchange interaction and a collisional transfer due to exciplex 

formation and dissociation, provided the excited staie of uranyl ion is triplet. 

The overlap between absorption spectra Pj(v) and emission spectra e(v) is 

necessary for the mechanism due to electron-exchange interaction as: 

koc{2nin)Zz\pTiy)e{y)dv (2). 
0 

The overlap exists in the couple of U02^+ and Dy3+, whereas it is negligible in 
the couple of U02 2 + and Eu3+ . 
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Fig.l Transient-emission spectrum of Dy obtained at 0.5ms after 
337nm laser flash (dashed line), and differential-transient-
emission spectra of Dy resulted from energy transfer 
(straight line). [1] 
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Table l.The quenching rate constants by lanthanide ions for triplet 
Naphthalene, triplet Anthracene and excited uranyl ion in 
solution at ambient temperature. 

PrJ+ 

Nd3+ 

Sm3+ 

Eu3+ 

Gd3+ 

TbJ + 

Dyf 
Ho3 + 

Er3+ 

Tm3+ 

Yb3 + 

Paramagnetic 
susceptibility 

(Bohr magnetons) 

3.5 
3.5 
1.5 
3 .4 
8.0 

9.72 
10.6 
10.4 
9.5 
7.3 
4.5 

KSV 

5.41 
10.9 
45.4 

0 
78.4 

0 
38.2 
31.4 
25.7 
11.0 

0 

*U02"+ 

in H20 ' 
4.2 
7.9 
39 
0 

64 
0 

29 
23 
20 
7.6 
0 

105 kq/mol dm"3 

3 
Naphthalene 
in ethylene 

elvcol2 ) 

4 

0.7 

a'1 

3 
Anthracene 

in pyridine 

< 5 

< 5 

< 5 

1) this work; [UQ2(ClO4)2]=5.0xl0-3mol dm-3, [HC104]=2.5mol dm"3, 
2)ref. [5].3)ref. [6] 

Table 2. Quenching rate constants (kq) in the system of 
U02^+ and Ln^+ in different acid concentrations. 

Lanthanide 

Eu(CI04)3 

Eu(CI04)3 

Eu(C104)3 

Dy(CI04)3 

Dy(C104)3 

Gd(CI04)3 

solvent 

H20(pH4) 

0.4M HC104 

+ 0.6M NaCI04 

2.5M HC104 

0.4M HCIO4 
+ 0.6MNaClO4 

2.5M HCIO4 

2.5M HCIO4 

kq 

M-V1 

—b) 

3.0x10 s 

0 

3.65xl0 6 

3.0xl0 6 

6.4xl0 6 

sensitization 

+ a) 
+ 

+ 

+ 
-

a) Sensitization is observed by fluorospectroscopie measurement in this solution. 
b) considerable large value of kq is supposed. 
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Table 2. Quenching rate constants (kq) in the system of 

U022+ and rn3+ in different acid concentrations. 

Lan白m語de solvent kq sensitization 

M-1s・1

Eu(C104h HzO(pH4) ---b) + a) 
Eu(CI04h O.4M HCI04 3.0xlOS + 

+ O.6M NaCI04 
Eu(C104h 2.5M HCI04 o 

Dy(CI04h O.4M HCI04 3.65x106 + 
+ O.6MNaCI04 

Dy(C104h 2.5M HCI04 3.0x106 + 
Gd(C104h 2.5M HCI04 6.4x106 

a) SensitizatioD is observcd by fluorospectroscopie measurement in血issolution. 
的coDsidcrablelarge value of kq is supposcd. 
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Energy transfer in low acidic solution. 

In the region of low acid concentration (pH 3.8-4.0), in which uranyl 

ion should form hydrolysis species, the photosensitized emission of Eu3 + by 

U 0 2 2 + was certainly observed as reported before [10]. It had been suggested 

that h""".*; the formation of hydrolysis species of uranyl ion and its coordinative 

in ten t- >.. with europium ion are required to happen the energy transfer. 

I n e excitation spectrum of the system of UC>22+ and Eu 3 + drastically 

changed through pH 3.0 to pH 2.0, when the emission of Eu3+ was observed at 

590nm. Our interests is concerning in the understanding of the behavior of 

the system in the region lower than pH 3.0 using flash photolysis method. The 

excitation at 427nm resulted in the emission of a dual exponential function 

observed at 617nm in the system ([U022 +]=5.1xlO~3 M, [Eu 3 + ]=2xlO- 2 M, 

[NaClO4]=0.90 M) and it was analyzed as following formaula, 
7017 = A»i\6!7 eXP(-^UOl* 0 + V.617 ^PC"*** 0 ^ 

The value of lEu3 + ,617/hj022 + ,617 is almost zero at -log[H+]=0 and increases 

with increasing pH (Fig.2). This dependence of the intensity of sensitized 

emission on pH of the solution is rationally explained by hydrolysis species 

involved . The concen t r a t ion of the some hyd ro ly s i s spec ies 

[[(U02)n(OH)m](+ 2 n _ m)] (denoted as [n,m]) are calculated using the published 

hydrolysis constants [11] as follows: -log[H+]=0 [l ,0]=5.0xl0-3 , [ l , l ]=6.9xl0- 7 , 

[2,2]=5.1xl0-8, [3,5]=6.3xlO-16; pH 2.0 [l,0]=4.5xl0-3, [l,l]=6.2xlO"5, [2,2]=4.18x10" 
4 , [3,5]=4.7xl0-6 (total concentration of U02 2 + is 5.01 xlO"3 mol dm"3). It is 

elusidated that the [2,2] or [3,5] species plays an important role in the energy 

transfer from *U022 + to Eu3+. 

T 1 1 

. # 1 1 . 

- 1 0 1 2 3 
-logpfi 

Fig.2 The plot of the value of lEu 3 + ,617/hj02 2 + ,617 against the 
value of-log[H+]. The sample was irradiated at 427nm and 
emission was observed at 617nm. 
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Systematic paramagnetic quenching. 
The quenching rate constants kq for the excited uranyl ion have values 

of 105 order according to Table 1. These relatively large values cannot be 

rationalized simply by weak energy transfer found in the system with Dy3+. 

And Gd^+ ion whose kq is the maximum of the series of quenching constants 

indicates no sensitized emission from excited uranyl ion. 

Matsushima et al. studied on the quenching phenomenon of uranyl 

emission by d-transition and f-transition metal ions [8]. The charge transfer 

mechanism was proposed to the quenching of *U02~+ by d-transition metal 

ions [8] and halogen and pseudo-halogen ions [2], whereas the quenching 

mechanism by lanthanide ions have been little known. The quenching 

process via the charge transfer mechanism is described as follows: 

*U0 2
2 + + Ln3 +^=^*U02

( + 2-5 ) . . .Ln ( + 3 + 5 ) +- U0 2
2 + + Ln3 ++ heat 

This scheme requests that kq increases with decreasing the reduction potential 

of lanthanide ion Eo(in-iV)- Such tendency, however, cannot be found in our 

result . 

It is well known that 4f-transition metal ion have unpaired e lect rons 

and thus indicate the paramagnetism. The intersystem crossing from triplet 

excited s tate to singlet ground state is known to be assisted by the 

paramagnet ic ions. Porter and Wright discussed on the paramagnetic 

quenching of triplet excited molecule and classified it into three cases 

depending on the paramagnetic compounds [5]. The typical value of kq by 

lanthanide ion is about 2x10^ mol ' ^dm^s ' l and the depressed value in 

comparison with ^Oz, ^NO and the first transition metal ions is attributed to the 

deep shielding nature of 4f orbital. 

In Table 1, the value of kq obtained in our study for the excited uranyl 

ion is accompanied with the value of kq for 3 Naphthalene and ^Anthracene 

and also with paramagnetic susceptibility of lanthanide ions. The values of kq 

for *U02^+ a re almost coincide with the value presented by Porter et al., and a 

quite good correlation is obtained in the plot of the value of kq against the 

number of 4f electrons except for Eu^+ and Tb^+ which have 6 electrons in 4f 

orbital (Fig.3). This result indicates an important role of paramagnetic 

quenching in the deactivation of excited uranyl ion. 

There is a large spin-orbital coupling in uranyl molecule and the spin 

label is not justified. Thus the lowest excite state has been alternatively 

attributed to triplet or singlet and it has been thought that the quenching 

by spin-catalyzed deactivation appears to be unlikely because of poorly 

defined spin number. Our result in highly acidic solutions indicate the 
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excited species of uranyl ion is subjected to be deactivated by lanthanide 
ions via spin-catalyzed mechanism. Table 3 shows the comparison of our 
data with those of reported previously. It is worth while to note europium 
ion and terbium ion dose not quench the excited state of uranyl ion via 
outer shper mechanism and the sensitization process is of important in 
the case of these two ions. 

'to 

^ 

M~ 

O 1U 

5 106 

4I0 6 

3 106 

2 106 

1 106 

0 

-

1 

Yb 3 + 

—0— 

• | 

Tm 
0 
0 
I 

1 

Er3* 
• 

i i 

Sm3* 
0 

0 
Dv3' 

Ho3+ 

• 

3+ 

• Nd3+ 

Pr3+ 

i l i 

I 1 

• 

Gd3 +_ 

• 

-

Eu3+ 

Tb3+ 

-0 « ' 
0 1 2 3 4 5 6 7 8 

number of 4f unpaired electrons 

Fig.3 The plot of the quenching rate constants against the 
number of unpaired electrons. 

Table 3. Comparison of present data with those of reported previously. 
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excited species of uranyl ion is subjected to be deactivated by lanthanide 

ions via spin-catalyzed mechanism. Table 3 shows the comparison of our 

data with those of reported previously. lt is worth whi1e to note europiurn 

ion and terbium ion dose not quench the excited state of uranyl ion via 

outer shper mechanism and the sensitization process is of important in 

the case of these t:wo ions. 
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Fig.3 The plot of the quenching rate constants against the 

number of unpaired electrons. 

Table 3. Comparison of present data with those of reported previously. 

Lanthanide uranyl solvent h sensitization quenching ref. 

M-1s-l mechanism 

Eu(口04h perchlorate pH4(H20) + energy this work 
transfer 

Eu(口04h perchlorate 2.5M HC104 o this work 

Eu(口04h perchlorate O.4M HC104 3.0xl05 + energy this work 
+O.6Ml、laCI04 transfer 

EU(I口04h perchlorate O.4M HCI04 1.5)1. 1併 + energy this work 
+ 0.6M NaC104 transfer 
+ O.2M CH3COONa 

EuCI3 nitrate O.2MCD.3C∞K<D20) 2す訂Q7 + en巴rgy ref.[7] 
transfer 

EU(l'i03h nitrate O.67M H3P04 1.3lt 103 + energy ref.[8] 
transfer 

忠1(N03h nitrate 1MH3P04 1.0)1. 106 + energy ref.t91 
transfer 

EU(004h perchlorate pH 3.87(D20) ---*) + energy re仁[10]
transfer 

Eu(口04>3 perchlorate O.lM DC104(0z0) ---勺 + ref.[10] 

*) not mentioned 
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4. CONCLUSION 

In the region of low acid concentration where the hydrolysis species of 

uranyl ion are formed, energy transfer from *U02^+ to Eu3 + takes place 

effectively, which strongly suggests that both the formation of hydrolysis 

species of uranyl ion and its coordinative interaction with europium ion are 

required to undergo the energy transfer. In the region of high acid 

concentraion where no inner-shpere mechanism could be considered, the 

energy transfer is observed in the case of Dy3+, whereas it is not obsereved for 

Eu 3 + . In addition to the energy transfer, the value of 10 s order of quenching 

rate constants for excited uranyl ion are determined and quite good correlation 

is found between the kq and the number of 4f electrons except for Eu3+ and 

T b 3 + . This is considered to be the first paramagnetic quenching for excited 

uranyl ion, despite the poorly defined spin number for uranyl ion. 
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