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Uranyl-catalyzed chemiluminescent reaction of U 4+ oxidation by dioxygen 
in aqueous HCIO 4 solution 
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Chemiluminescence (CL) accompanying the reaction of U 4.  with O~ in 0.0004--0.1 ,if 
HC}O~ was studied. It was found that thc electron-excited uranyl ion (L'O~-~§ * is the CL 
emitter. The fact that the reaction rate and the CL yie, ld increase as the solution acidity 
decreases was explained by difl~rent reactivities of the U~'ff aquaion and the products of its 
stepwise hydrolysis. UOH 3§ and U(OH)22", toward 02. Based on the results of analysis of the 
chain-radical mechanism of the reaction between U 4. and O,,  it was concluded that transfer 
of an electron from the LIO2* ion to the oxidizing agent (a "OH radical) is the most plausible 
elementary step of the reaction of (UO22")" formation. It was found that the reaction rate, as 
well as the CL yield, increase substantially in ~he presence of uranyl ion. Catalytic action of 
UO22§ was explained by the formation of a UO~. 2~ �9 UO 2" complex, which reduces the rate of 
the UO~ + disproportionatton reaction (UO 2- is an intermediate of the reaction and is involved 
in chain propagation), and by regeneration of the active center, UO2 +, in the reaction of 
1_1022* with U 4§ 

Key words: uranium(Iv), uranyl ion (UO2Z+), complex, dioxygen, kinetics, catalysis, 
chemiluminescence, oxidation. 

Only  a few of  the known redox reac t ions  o f  u r an ium 
c o m p o u n d s  1,1 are a c c o m p a n i e d  by br ight  c h e m i l u m i n e s -  
cence  (CL) .  Light emiss ion  occurs  w h e n  uranium(~v)  
reacts wi th  oxidizing agents,  e.g., O3 ,3 OF2 ,4 H202, 5 
XeO3, 6 - 8  XeF2, 9,t~ and H S O s - .  tt,12 It is o f  in teres t  to 
clarity the  ques t ions  of  how the CL e m i t t e r  ( e l ec t ron-  
excited uranyl  ion, (UO:,-"*)*) is formed a n d  o f  which 
factors and  to what  extent  they affect the  ef f ic iency of  
conve r s ion  of  the energy of  chemica l  r eac t ion  to lumi-  
nous energy.  A m o n g  these factors first o f  all are the 
nature  of  bo th  the oxidizing agent  and  so lven t ,  the pH 
value o f  the  med ium ,  c o m p l e x a t i o n ,  a n d  c h e m i c a l  
q u e n c h i n g  of  the CL emit ter .  In this c o n n e c t i o n ,  the 
ox ida t ion  o f  U 4+ by dioxygen a t t r ac ted  cons ide rab le  
interest ,  s ince  it proceeds in any n o n - d e a e r a t e d  solu- 
tions, as well as in those cases where O 2 is f o r m e d  in the 
reac t ions  o f  U 4.  with o the r  oxidizing agents .  O u r  previ-  
ous a t t e m p t s  to detect  light emiss ion  f rom I - -5  M 
H2SO, , so lu t ions  con ta in ing  U 4~ and  O 2 have  tailed. 
Only on  go ing  to perchlor ic  acid so lu t ions  ( [HCIO4]  
0.1 tool L -1)  was the sensit ivi ty o f  ou r  p h o t o m e t r i c  
ins ta l la t ion  high enough  for the record ing  o f  CL.  In this 
work, we s tudied the effect of  so lu t ion  ac id i ty  and  the 
uranyl ion on  the kinet ics  of  ox ida t ion  o f  U 4" by 
dioxygen and  on  the pa ramete r s  o f  c h e m i l u m i n e s c e n c e  
a c c o m p a n y i n g  this react ion.  

Experimental 

Equipment for the recording of CL as well as procedures lbr 
the syntheses and purification of compounds used in the experi- 
ments and preparation of solutions have been described previ- 

ously, t|.12 ] 'he initial concentration of U a" in the soiutions 
under study was -10 -5 tool L --i, which provided a 10-fold 
excess of the oxidizing agent (dioxygen). A solution of volume 
10 mL was placed in a glass or Teflon reactor of internal 
diameter 3g ram, which provided efficient stirring of the solu- 
tion and maintained the desired temperature with an accuracy 
of • K. In the course of reaction the temperature of the 
solution was continuously monitored by a copper-constantan 
thermocouple sealed in a thin-walled glass capillary', ht the 
range from 285 to 298 K, variations of the temperature of the 
solution stirred in the reactor did not exceed • K. The 
accuracy of thermostatting at T = 310 K was +_0.05 K. The CL 
spectrum was estimated using a set of glas~ cut-off light filters. 

Results and Discussion 

The  fact tha t  the CL and  p h o t o l u m i n e s c e n c e  of  the  
uranyl ion are observed in the  same spectral  region 
indica tes  t h a t  the e l ec t ron -exc i t ed  (UO22*) * ion is the  
CL emi t te r .  

The  rate o f  the react ion o f  U 4+ with O 2 is descr ibed  
by the  fo l lowing  kinet ic  equat ion? ' :  

--dlU4+l/dt  = k" [U4~] " [O21 �9 [H*J-!.  

If  th is  also holds for the  rate o f  the  light stage of  the  
reac t ion ,  t h e n ,  under  c o n d i t i o n s  of  excess oxid iz ing  
agent  a n d  c o n s t a n t  acidi ty  o f  the  solut ion,  the  t ime  
profile o f  the  C L  intensi ty  s h o u l d  be descr ibed by the  
e x p o n e n t  

ICL = qCL" k" [U~*]oexp(-kt), 

where  qct .  is the  CL yield and  [U4+]o is the initial U 4-~ 
c o n c e n t r a t i o n .  
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It is this exponential luminescence decay that was 
observed in the oxidation of U 4+ by xenon trioxide 7,8 or 
Caro ' s  acid ion. t2 However, the kinetics of the chemilu- 
minescent stage of the reaction of U 4- with O~ is 
different. The time profiles of the CL intensity found for 
solutions with different HCIO 4 concentrations pass 
through maxima (Fig. 1), which is typical of consecutive 
reactions. In the process under  study, the maximum CL 
intensity (/max) and, hence, the highest rate of the 
formation of (UO22*) * are observed after some time 
(/max) rather than at the beginning of the reaction, where 
the concentration of U 4- is maximum. The kinetics of 
the chemiluminescent stage depends strongly on the pH 
value of the solution. A decrease in the HC104 concen- 
tration from 10 -2 to 4 �9 10 -4 mol L -I causes a substantial 
acceleration of the reaction. The [max value increases by 
a Factor of 110 and reaches 3.7 �9 108 photon s -I  and /max 
is shortened by a factor of 30, from 750 to 25 s (see 
Fig. I. curves 1 and 6, respectively). 

We believe that the effect of pH value of the medium 
on both the reaction kinetics and the CL parameters is 
due to changes in the type of U 4" complex involved in 
oxidation. It is known z that a stepwise hydrolysis of the 
Ua4q " aquaion proceeds as the solution acidity decreases. 
The reaction results in the hydroxo tbrms UOH 3. and 
U ( O H ) 2 2 + :  

K~ 
Ualq - -t.- H20 _ - UOH 3, + H § ( I )  

K, 
UOH 3§ ",- H20 _ " ~  U(OH)22+ + H' .  (2) 

The dependences of the concentrations of U~q'. 
UOH 3", and UIOH)22+ ions on the pH value of the 
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Fig. i. Kinetic curves for chemiluminescence accompanying the 
reaction of U 4" with 02 in air-saturated aqueous HCIO~ solu- 
tions at 313 K ([U4+]0 = 10 -5 molL-It: [HCIO+I/molL -I = 
0.01 (/). 0.007 ~2), 0.003 (3), 0.002 (4), 0.001 (5), and 0.0004 
(6) (/eL is the CL intensity). 
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Fig. 2. Calculated concentrations o f  Ua~* aquaion ( I )  and the 
products of  its hydrolysis. UOH 3§ (2) and UIOH)22§ r  the 
CL yield (qc;) (4), and the maximum CL intensity (/max) 
corrected lot the increase in qCL (5) as functions of  the pH 
value o f  perch lor ic  acid so ludon at 313 K ( [U4+]0 = 
10 -5 tool L-I)+ 

solution, obtained with K I = 0.027 and K 2 = 1+6- 10-4, z 
are shown in Fig. 2. As can be seen, the U2q - concentra- 
tion decreases monotonically as the pH value increases; 
at the same time, the concentration of UOH 3+ increases 
and reaches a maximum value near pH 2.7. Con-  
siderable amounts  (1--2%) of the hydroxo form 
U(OH)22. appear only near the pH value of 2 (see 
Fig. 2, curve 3). 

It should be pointed out that the pH profiles of the 
CL yield and UOH 3+ concentration for the chemilumi- 
nescent stage of the oxidation of U 4+ by dioxygen (see 
Fig. 2, curves 4 and 2, respectively) correlate well with 
each other. The dependence of the maximum CL inten- 
sity on pH is also shown in Fig. 2. Comparison of curve 
5 with the pH profiles of the concentrations of different 
forms of uranium(iv) (see Fig. 2, curves 1--3) suggests 
that the rates of the oxidation of U~q, UOH 3§ and 
U(OH)22+ by dioxygen differ appreciably from one an- 
other. We failed to detect CL at 293 K and [U 4+] = 
10 -3 tool L -I in a I M HCIO+ solution in which most of 
the U 4+ ions are present in the lbrm of aquaions. The 
possibility of recording CL at 293 K and [U4+t0 = 
10 -4 tool L -1 appears only on going to 0.1 M HCIO+ 
solution (pH 1) in which the concentration of UOH 3- 
ions is 25%. Here, the initial CL intensity (10) is 
2" 105 photon s -I (the volume of the solution was 
10mL). Raising the temperature up to 313 K allows 
studying the reaction kinetics at [U4+J0 < 10 -5 mol L - i .  
Exponential portions of the pH profiles of /max have 
different slopes and intersect in the pH range in which 
the UOH ]+ concentration reaches a maximum value 
and U(OH)22- ions appear (see Fig. 2, curve 5). An 
increase in /max is observed at pH > 2.5, which is likely 
due to an increase in the U(OH)22+ concentration. This 
suggests that the U4q aquaions are the least reactive, the 
reaction between the monohydroxo complex UOH 3+ 
and O~ proceeds faster, and the U(OH)22+ ion exhibits 
the highest reactivity toward 02 . 
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A decrease in the CL intensity, which is observed at 
the beginning of the reaction, can be explained by the 
fact that a small amount of U(OH)22+ ions and a large 
excess of UOH 3+ ions are present in the 0.01 M I-]CIO 4 
solution. The fast reaction of U(OH)22. with 0 2 causes 
CL whose intensity is greater than that of the glow due 
to the oxidation of UOH 3+. The I 0 value increases and 
the decay time of the initial portion of the kinetic curve 
is shortened as pH increases, so that the reaction of 
U(OH)22+ with O, makes the major contribution to the 
CL at pH 3 (see Fig. I. curve 5). 

The assumption that a complex shape of the kinetic 
curve is due not only to the chain-radical mechanism of 
the reaction, but also simultaneous involvement of seve- 
ral forms of uranium(iv) with appreciably different reac- 
tivities toward O, in the redox process is indirectly 
confirmed by the temperature effect of the reaction 
kinetics. Raising the temperature of a 0.001 M HCIO4 
solution containing 2.7" 10 -5 tool L -t of uranium(Iv) 
from 285 to 310 K leads to a substantial (by a factor of 
280) increase in /0; simultaneously, /max increases by a 
factor of  30 and /max is shortened by a factor of 22 
(Fig. 3, curves 1 and 4, respectively). Such a great 
increase in / 0 can be explained by appreciable increase 
in the K 2 value with temperature in this pH range. A 
shift of the equilibrium toward U(OH)22+, which is more 
reactive than Ua4,~ ~ and UOH 3-', would provide the found 
changes in the glow intensity. In addition, the extent of 
exponential portions of the descending branches of the 
kinetic curves increases as temperature increases. For 
curve 1 (see Fig. 3) obtained at 285 K, the CL intensity 
decreases in the exponential portion by about an order 
of magnitude, whereas for curve 4 recorded at 310 K it 
decreases in the exponential portion by more than two 
orders of magnitude. All the kinetic dependences shown 
in Fig. 3 and in other figures are plotted in the form of 
semilogarithmic anamorphoses, i.e., IOglcL = ./(t). The 
linear portions of the curves (indicated by horizontal 
dashes in Fig. 3) were used for graphic determination of 
the reaction rate constants k. For a 0.001 M HCIO4 
solution, the k values were found to be 31, 100, 162, and 
667 L mol - t  s -I (all with a 10% error) at 285, 293, 298, 
and 310 K, respectively. The temperature dependence of 
the rate constant of the reaction obeys the A, rrhenius 
equation E a = 90.5+9 kJ mol - I  (the correlation coeffi- 
cient is 0.997). The k and E a values for the 3- 10 -4 M 
HCIO 4 solution were determined with a somewhat higher 
degree of accuracy. At each of the three temperatures 
(282, 292.5, and 302 K), we carried out a series of tour 
runs and obtained k values of 21.5+-2.4, 73.3+3.0, and 
204.6+_11.5 L tool -1 s -I ,  respectively, from which E a = 
79.7+5.6 kJ tool -I (the correlation coefficient is 0.999). 
The activation energies found in this work are close to 
the known value E a = 89.9 kJ mol-t ,  t3 

Chemiluminescence allows monitoring of the course 
of the reactions characterized by changes in the concen- 
trations of reagents by several orders of magnitude, 
which cannot  be done using titrimetric or spectrophoto- 
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Fig. 3. Time profiles of the intensity of chemiluminescence 
(/ca) accompanying the oxidation or U 4§ by dioxygen at differ- 
ent temperatures ([HCIO.d = 0.001 molL-I;  [U4+]0 = 
2.7"t0 -5 mot L-l): D'K = 285 (/). 293 (,"), 298 (3), and 3t0 (4). 
Linear portions of the curves are indicated by horizontal dashes. 

metric technique. For instance, variations of the CL 
intensity (curve 4 in Fig. 3) and, hence, of the concen-  
tration of the substance responsible for the formation of 
(UO22~) * cover a range of tbur orders of magnitude. 

The kinetic curves do not always pass through a 
maximum. Extrema are found only at particular initial 
concentrations of U a+ in solutions. For instance, a 
monotonic decrease in the CL intensity occurs in 0.01 M 
HCIO~ solution at 313 K and [U4+]0 = 5 - 1 0  -7 
or I -10  -6 tool L - l .  The increase in [U4~-I0 up to 
t �9 10 -5 tool L -I gives rise to a maximum on the curve of 
the time profile of the CL intensity. Further increase in 
[U4+]0 causes an increase in Ima ~ and shortening of tma x. 
The dependence of /ma• on [U 4+] can be linearized in 
logqog coordinates (Fig. 4, curve I). However, for 
analytical purposes it is more convenient to use the 
dependence of the CL light sum (5) on the initial 
concentration of U 4~ in solution (see Fig. 4, curve 2), 
since this makes it possible to decrease the lowest de- 
tectable concentration of U 4+ down to 10 -7 tool L - I .  It 
should be noted that chemiluminescent reactions of U 4§ 
oxidation by Caro's  acid ion (10 -s tool L-I)  lz and 
xenon trioxide (10 -m tool L-I)  7 have even greater ana-  
lytical potentialities. 

The oxidation of U ~+ by dioxygen follows a chain-  
radical mechanism) 3 The water molecules and hydrogen 
ions in the left side of the equations are present in 
excess; therefore the constants k are bimolecular rather 
than trimolecular ones and their values are given here 
in L tool -I s-l :  
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Fig, 4. The curves of the maximum CL intensity (lma 0 (1) and 
the CL light sum (5") (2) as functions of U 4- concentration al 
313 K ([HCIOa] = 0.01 tool L-I). 

UOH 3. + 02 + H2O ~ UO 2" .'- HO 2 + 2 H", 

k 3 -= 10; 

(3) 

UO2 ~ {" 02 + H* ~ NO22~ + HO2, (4) 
k4 = 31; 

UOH 3~ + HO 2 P H20 ~ U02* + H202 + 2 H ' :  (5) 

UO2* .-'- HO 2 + H20 ~" UO22+ ~" H202 + OH-, (61 
5" 105 < k 6 < 5"107. 

In th is case, the U O 2 *  ion and 1302" radical  p lay the 
ro le  o f  ac t ive  centers.  M o r e  recent ly ,  the reac t ion  o f  1.34+ 

o x i d a t i o n  by  hydrogen perox ide"  has been studied,  14 

wh ich  also proceeds by a cha in - rad i ca l  mechan ism:  

UOH 3+ + H202 B, UO2 ~ + OH + 2 H-, (7) 

k7= 11: 

UO2 + + H202 + H ~ ~ UO22+ + OH + H20. 

k 8 = 1.7; 

(8) 

UOH 3+ § OH i, UO2* + 2 H ~, (9) 

k9 = 8" 10s; 

UO2* + OH + H ~ m UO22- + H20, ([0) 
kto = 109. 

It seems likely that the reaction of  U 4+ with 02 
follows both pathways. l-he initiation reactions (3), (4). 
and (7) result in UO2* ions and in HO 2 and OH species, 
which are involved in the cha in  propagation stages (5), 
(8), and (9) .*  

* For clarity, the reactions which proceed involving Uaq 4. and 
U(OH)22+ ions are not shown. In addition, the formulas of both 
radical and radical cation species (HO2". UO 2" +, etc.) are given 
without indicating the unpaired electron. 

Since (U022")  * is the C L  emit ter ,  chemi lumines -  
cence can be observed in stages (4), (6), {8), and (I0) .  
However, the contr ibut ions o f  these reactions to the 
glow should differ appreciably because of  different rate 
constants. We failed to detec t  C L  in the reaction o f  O 2 
with U02 § obtained by r e d u c t i o n  of  U O , 2 "  with  
europium(H) 15 

UO22" + Eu 2. J,, UO2 ~ + Eu 3§ (I I) 

Taking into accoun t  tha t  the  c o n s t a n t  k 4 = 
31 L tool -I s -I  for a 0.005 M HCIO 4 solution (see Ref. 
10) is nearly 20 times higher  than k 8 = 1.7 k tool - I  s - I  
(see Ref. 17), one can conc lude  that the UO2" oxidat ion 
by hydrogen peroxide makes an insignificant cont r ibu-  
tion to experimentally recorded  CL.  We believe that 
reaction (10), consisting o f  e lec t ron  transfer from UO~-  
to the "OH radical, is the most  plausible stage o f  the 
fbrmation of  the e lec t ron-exc i ted  uranyl ion. Based on 
the known 16 estimate, 5-  105 L mol - j  s -'t < k 6 < 5 �9 107 
L tool -~ s - I ,  the contr ibut ion o f  react ion (6) to the gtow 
is at least two orders of  magn i tude  smaller. 

Let us consider possible reasons for the appearance 
of  a maximum on the t ime profile o f  C k  intensity in the 
oxidation of  the U 4~" ion by dioxygen.  For the chemi lu -  
minescent stage (10) to proceed ,  it is necessary, that the 
UO2* ion and "OH radical be present  in solution. These  
species are mainly |br ined in the reaction (7) between 
U "~+ and H202. Hence,  for the max imum CL intensi ty 
to be observed some t ime after  the beginning of  U 4§ 
oxidation by dioxygen, a ccumula t i on  o f  UO2 § and H?O 2 
in solution is required. It is known that oxidat ion o f  
UO2 + by dioxygen produces  hydrogen peroxide, 16 i.e., 
this reaction proceeds in two stages, (4) and (6). It can 
be assumed that the react ion o f  U 4~ with O? also leads 
to accumulation of  H20  ? in solut ion.  Indeed, we ob -  
tained the results, which can  be explained by the i"orma- 
lion and accumulat ion o f  H202 in a solution conta in ing  
U 4+ and O~. l f a  portion of  U 4" is repeatedly in t roduced 
into the solution after comple t i on  o f  U 4§ oxidation by 
dioxygen, the initial CL  intensi ty incFeases by a factor o f  
30 as compared to the 10 value observed at the beginning 
of  the reaction and a l uminescence  decay with an inf lec-  
tion in the region corresponding  to the previously ob-  
served CL peak (Fig. 5, curves 1 and 2, respectively) is 
recorded instead of  the kinet ic  curve  passing through a 
maximum. This was observed even if a U 4. solution was 
repeatedly introduced into the system several hours after  
complet ion o f  the reaction be tween U 4§ and 02. 

Taking into account  the stepwise hydrolysis o f  U 4§ 
the expression for the rate cons tan t  of  the reaction o f  
U 4.  with O 2 has the fol lowing form2: 

k 3 = (k'lH~] ~- k,,)/(iH*]2 + KItH +1 + K2), 

where, according to our  data, k" = 1.5- 10 -2 s - I ,  k'" = 
2.4. 10 -3 L tool --I s - I .  Assuming  that this expression is 
also valid lbr the pH range be tween  2 and 3, we get 
k 3 = 10 L mol -I  s - :  (for a 0.005 M HCIO 4 solut ion) .  
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Fig. 5. Time profiles of the intensity of chemiluminescence 
(/eL} accompanying the reaction of U 4+ whh O, (/) and the 
curve of chemiluminescence decay alter repeated" introduction 
of U a• into the solution after completion of the reaction of 
oxidation of U '~" by dioxygen (2) at 313 K ([HC[O41 = 
0.0I tool g-~; [U~-10 = I. I0 -5 mol L-I). 

Therefore,  the constant  k 3 is only 3 times lower than k 4. 
It is known that the rate of U 4~ oxidation by hydrogen 
peroxide is much higher than that of  the reaction of  U 4+ 
with O2 .z At the same time, the rate constant of  UO2* 
oxidat ion by hydrogen peroxide (k s = 1.7 L tool - I  s -~ 
for a 0.005 M HCIO 4 solut ion)  tv appears to be lower 
than k 7. The rate constant  k 7 of  the reaction of U 4'- with 
0 2 in a 0.17 M I-tCIO.a solut ion is 11 L tool -~ s - i .  l 
Taking  into account  that k; is inversely proportional to 
[H*],  the k: value for a 0.005 M HCIO 4 solution should 
be much higher. It seems likely that not only H20 2, but 
also UO2 +, can accumulate  in the course of the reaction 
between U a* and 02 . If so, the appearance of a maxi- 
m u m  on the kinetic curve is due to the accumulat ion of 
UO2* ions in the solution. Fast oxidation of these ions 
by' "OH radicals is accompanied  by the formation of 
uranyl ions. a fraction of which can be in the excited 
state. The intensity of experimental ly recorded CL is 
proport ional  to the concent ra t ion  of uranyl ions in the 
electron-exci ted state. 

We found that the chemiluminescent  stage of U 4+ 
oxidat ion by dioxygen in 0.01 M HCIO4 solution is 
rather sensitive to the presence of  UO22+ ions. The time 
profiles of the intensi ty of CL  accompanying the oxida- 
t ion of  U 4+ in solutions con ta in ing  no UO22+ and in the 
presence of uranyl ions are shown in Fig. 6. At [UO22+} --- 
81.2" 10 -5 m o l t ,  - I ,  the /max value increases by nearly 
two orders of  magnitude;  /max iS shortened by an order of 
magni tude  (from 18 to 1.5 rain);  attd the rate constant  
increases by a factor of 50 (from 1.7 to 85 L tool -~ s - lL  
Hence ,  it is believed that a catalytic effect of 1_;O, 2+ ions 
takes place. The descending port ion of the kinetic curve 
for the concent ra t ion  of UO22+ can be satisfactorily 
l inearized in log-log coordinates  t 'Fg. 7, curve 1). The 
CL yield also increases in the presence of UO22-" (see 
Fig. 7, curve ~ .  
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Fig. 6, Kinetic curves of chemiluminescence accompanying the 
reaction of U 4. with 02 in the presence of uranyl ions at 313 K 
f, IHCIO4] = 0.0ll mol L -I" [1s = 1.5 �9 10 -5 tool [ - I ) :  
[UO22-1 /mo l  k -~ = 0 ( I ) ,  1 .2 -10  -.5 (2). 3.2" I0 -5 (3). 
11.2" I0 -5 (4), 21.2- I0 -5 (,~. and 81.2- I0 -s (6)  

The formation of the UO2 +-UO22T ca t ion-ca t ion  
complex ts.la may be the most  plausible reason Ibr the 
accelerat ion of the reaction. Previously, Is it has been 
shown that the d ispropor t ionat ion rate of u ran ium(v)  in 
the complex with UO22- is m u c h  lower than that ot" 
flee U 0 2 - :  

K I 

2 UO2 + ~ 4 H ~ "~  UO2 2'- ~" U 4+ + 2 H2O. (12) 

-- logqcL 

6.0 

I.ogk �9 

- 6 5  

l 

7.0 

I , 

4 -log[ tJO~ 2+ ] 

Fig. 7. The cur~'es for the rate constant of the reaction (k) (/) 
and the CL yield (rico ( 3  as functions of the concentration of 
uranyl ion in a solution containing U 4. and 02 at 313 K 
([HCIO4] = 0.011 mol L I ;  IU4*]0 = 1.5" 10 -5 mol L-Z). 
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We believe that the s c h e m e  o f  the mechanism of  U 4+ 
oxidat ion by dioxygen (see above)  should be augmented  
with reaction i I 2). In the p resence  of  UO22. the contr i -  
bution of  reaction (12) to the  quench ing  of  active center  
(UO2*) decreases and cha in  oxidat ion of  U 4" proceeds 
more efficiently. 

The reverse (with respect  to disproport ionat ion of  
UO2 +) reaction also can affect  the concent ra t ion  of  
UO2* in solution. A c c o r d i n g  to published data, 19 the 
equil ibr ium constant  o f  reac t ion  (12) 

KI2 .-- [U4~I-IUO2-'-I/([UO,,~]- , .  Ill-141 

is 1.02- [09 for ~t = 2 and T = 298 K (of Ref. 20 :Kl2  = 
1.7- 106). The rate cons tan t  for disproport ionat ion de- 
creases as pH increases and .u decreases, so that the K~2 
value cannot  be too high unde r  these conditions. This is 
conf i rmed by tlae data on the formation o f  a consider-  
able amount  of  UO2 ~ by mix ing  the U 4+ and UO~ 2§ 
solutions in a HCI solution at pH  2.5. 2~ Setting Kl2 ~ 1{96, 
under  condit ions of  our  exper iments  (pH 2. lUg§ = 
10 -5 m o i L  -1, [UO2 2~-1 = 10-5- -10  -3 m o l L  - I )  we find 
that the concen t r a t i on  o f  UO2 § can reach 10 - s -  
10 -6 tool L -I  (0 .1- -10% o f  the initial concent ra t ion  o f  
U4"). Therefore,  the uranyl ion plays a double rote. On 
the one hand, it retards the cha in  termination reaction 
(disproport ionat ion o f  U O z - ) .  On the other  hand,  it is 
involved in the regenerat ion o f  the active center  UO2 ~, 
which favors taster cha in- rad ica l  oxidation o f  U 4+ by 
dioxygen. 

Establishment o f  the reasons  for the eight-fold in- 
c rease  in the CL  yie ld  in the presence  o f  only  
4 - 1 0  -a  tool L- I  UO2 2'- :It fixed pH and temperature  
requires additional exper iments  and analysis of  published 
data on the photophysical  and  photochemical  processes 
proceeding with the par t ic ipa t ion  of  (UO22"-) *. AS of  
now, we can only assume that  the change in the CL  
yield is due to the presence o f  the UO2*.  UO22" com-  
plex. Probably, the ox ida t ion  o f  UO2 ~" UO22~ by "OH 
radical results in the fo rmat ion  o f  a hypothetical complex  
with one ( * U O ,  2 ' -  UO22~) or  both (UO22+" UO22+) * 
uranyl ions in the excited state.  

There are two ways o f  radiationless deact ivat ion of  
(UO22+) *, which are conven t iona l l y  called physical de- 
act ivation and chemical  quench ing .  2z In the first case, 
convers ion o f  the e lec t ronic  exci ta t ion energy to thermal 
energy occurs  owing to the  activation of  vibrational  
modes  of  the O - - H  bonds  of  water  molecules in the 
coordinat ion  sphere o f  the uranyl ion. In the case of  
"chemical  quenching"  the (UO22+) * ion, which is a 
strong oxidizing agent ( E  = 2 .6--2 .7  V). reacts with the 
water  molecule  

(UO22~)" + H20 ~ UO2 ~ + OH + H*. (13) 

in the complex,  the (UO224-) 'k ion has a smaller  
number  o f  water molecu les  in the coordinat ion sphere;  
hence the probability o f  radiat ionless  relaxation of  the 
e lect ronic  excitation energy  decreases.  The excited ura- 

nyl ion, which forms a complex with, e.g., CIO4- ,  is 
characterized by reduced oxidative ability toward H20.  23 
It seems likely that the *UO,  2+" UO224- complex  be- 
haves analogously. 
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