
ANL-5202 
Chemis t ry -Genera l 

ARGONNE NATIONAL LABORATORY 
P . O. Box 299 

Lemont , Illinois 

^S^ ^.-

PHOTOCHEMISTRY OF URANYL COMPOUNDS 

by 

Eugene Rabinowitch 

Information Division 

January 1954 

This paper will be published as par t of The Chemis t ry 
of Uranium, P a r t II, National Nuclear Energy Se r i e s , 
Division VIII. It is i ssued at this t ime to permi t r e 
view and comment p r io r to publication and to make the 
information avai lable to other Atoraic Energy C o m m i s 
sion l abora to r ies promptly . 

Operated by The Universi ty of Chicago 
under 

Contract W-31-109-eng-38 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



2 

TABLE OF CONTENTS 

Page 

1. Photochemical React ions of Uranyl Ions with Inorganic 
Compounds 4 

1.1 Oxidation of Iodide 4 
1.2 Oxidation of Other Inorganic Reductants 17 
1.3 Uranyl - sens i t i zed Oxidation of Water by Bromate . . . . 18 

2. Photochemical React ions of Uranyl Ions with Organic 
Compounds 20 

2.1 Monobasic Aliphatic Acids 20 
2.2 Dibasic Aliphatic Acids 37 

3. Substituted Aliphatic Acids 77 

3.1 Halogenated Acids 77 
3.2 Hydroxy and Thio Acids 80 
3.3 Keto Acids 89 
3.4 Aromat ic Acids 89 



J 
PHOTOCHEMISTRY OF URANYL COMPOUNDS 

INTRODUCTION 

Photochemis t ry of uranyl compounds is one of the most extensively 
studied and also the mos t confused chapters of photochemistry. One of the 
r ea sons may be that the p r i m a r y photochemical react ions a r e slow, giving 
t ime for many different secondary t h e r m a l reac t ions to develop. Another 
reason is that much of the study in this field has been done by insufficiently 
p r e c i s e methods . Mechanisms often were suggested to fit a given set of 
observat ions without consider ing whether they could be reconciled with the 
other se ts available in the l i t e r a tu r e . 

In the presenta t ion below, some at tempts have been made to e s t a b 
lish co r re l a t ions between the different s tudies , but much of it is tenuous 
and many contradict ions r ema in unresolved. Much of the field cal ls for 
renewed exper imenta l invest igat ion with be t te r r e s e a r c h tools and raore 
p rec i s e analysis of the resul ts^ 

To unders tand the slow ra te of photochemical react ions of uranyl 
ions in vis ible light, it mus t be borne in mind that the average mo la r a b s o r p 
tion coefficient of non-complexed uranyl ions in the region 400-500 nn^ (the 
absorpt ion is negligible >500 mju) is of the o rde r of 5 l i t e r s mole"^ cm~^ 
only (cf. F i g u r e 2.3). Consequently, to obtain 50% absorption over a light 
path of 1 cm, the UO2"'*' concentrat ion mus t be of the o rder of 0.06 m o l e / l i t e r . 

If a solution of this concentrat ion, 1 cm deep, is exposed to a light 
flux of n e ins te in / ( sec 1000 cm^) and undergoes a photochemical react ion 
with a quantum yield of 1, it will need 0.06/n sec for hal f - t ransformat ion if 
the absorpt ion rennains constant (sensi t ized react ion) , and somewhat less 
than twice this t ime if the absorpt ion decl ines with the p r o g r e s s of the r e 
action (direct photochemical react ions of UO "̂*", e.g. , oxidation-reductions 
with UOj"^ as oxidant). The half-decomposi t ion t ime for d i rect react ion is 
there fore 

about 6 X 10' sec for n = 10"^ [6 x 10^^ quanta / (sec cm^)] 

about 6 X 10"* sec for n = 10"^ [6 x lO'"* quanta / (sec cm^)] 

about 6 x 1 0 ^ sec for n = 10" ' [6 x 10*^ quanta/(sec cm^)] 

Diffuse daylight (i l lumination of the o rde r of 10,000 lux) cor responds to about 
10 '̂* quanta / ( sec cm^) in the region X<500 m/i. A one era layer of 0.06 M 
uranyl solution, exposed to such light, and react ing with a quantum yield of 1, 
wil l consequently requ i re about five days of continuous il lumination for half-
decomposit ion. In other words , an average UO^''' ion will absorb , under these 
condit ions, only one quantum every 5 days . 
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Many uranyl r eac t ions , pa r t i cu la r ly those with organic a c i d s , p r o 

ceed, however , mainly or exclusively by light absorpt ion in uranyl -an ion 
complexes , which may absorb considerably m o r e strongly than the free 
ions (cf. Chap. 2). 

Remarkab ly enough, it s e e m s that in s e v e r a l c a s e s excitat ion of a 
complex UO^'^A" is insxifficient to cause a reac t ion of UO "̂*" with A " wi th
out a fur ther encounter , [UO^''"A~]* + A" . 

1. PHOTOCHEMICAL REACTIONS OF URANYL IONS WITH 
INORGANIC COMPOUNDS 

Uranyl ions can s e r v e in light e i ther as oxidants , or as s e n s i t i z e r s 
for oxidation by other oxidants , pa r t i cu la r ly molecu la r oxygen (' autoxida
t ion") . The r e su l t s of photochemical exper iments in which a i r was not 
r igorous ly excluded often a r e ambiguous because of the super imposi t ion of 
these two phenomena. 

The best -known photochemical reac t ions of u rany l ions a r e those 
with organic compounds, such as formic acid, oxalic acid, and other fatty 
ac ids . Among reac t ions with inorganic reduc tan ts , only that with iodide 
has been invest igated quanti tat ively, and even this react ion has been studied 
only with ve ry crude techniques . 

1.1 Oxidation of Iodide - Luther and Michie (1908) s ta ted that uranyl 
sa l t s "slowly prec ip i ta te iodine f rom potass ium iodide solu t ions ." This ob
se rva t ion probably was made in the p resence of light and a i r , and, mos t likely, 
r e f e r s to u rany l - sens i t i zed photochemical autoxidation of iodide. Baur (1910), 
s ta r t ing f rom a theory of the photogalvanic effect (Becquerel effect) in oxidation-
reduction s y s t e m s , predic ted that in the absence of a i r , light will cause a r e 
ve r s ib le shift of the oxidat ion-reduct ion equi l ibr ium of the couples uranyl 
ion-uranous ion and iodine-iodide ion; he expected this shift to produce a 
s t rong photogalvanic effect. Trilimpler (1915) t r i e d to detect the l a t t e r , but 
found only a very weak change of galvanic potential in light. He used a solu
tion O.IM in UO2SO4, 0.02N in I2, 0,04N in KI and IN in H2SO4. It will be noted 
that it contained a cons iderable proport ion of iodine, and we will see below 
that the photochemical reac t ion of uranyl ions with iodide ions stops with the 
format ion of a smal l amount of f ree iodine. This may explain Trvimpler ' s 
negative r e s u l t s . 

That u ranyl ions do r eac t in light with iodide, even in the absence of 
a i r , was f i r s t observed, a lso in B a u r ' s l abora tory , by Hatt (1918). He noted 
that the l iberat ion of iodine ceased after only a few per cent of the available 
iodide was oxidized. The final "photostat ionary" concentrat ion of iodine 
depended on the intensi ty of illunnination, L, but inc reased much s lower than 
propor t ional ly with it. 



Let us a s sume that the reac t ion in light is a revers ib le oxidation-
reduct ion: 

" ' ^ ' ' * " ' da rk (and 'ught 7 ) " ' ' ^ ' ' ' ' ' " 

The n o r m a l redox potential of the iodine-iodide couple is -0.535 volt and is 
independent of pH. The empi r i ca l u rany l -u ranous potentials a r e var iable 
and difficult to in te rp re t because of complex format ion, and probably a lso 
because of in te rmedia te format ion of U(V) ions (cf. Chap. ), but f rom the 
thermodynamic data for the free ions U02"''' and U'̂ '*, (cf. Chap. ), we c a l 
culate Eo = -0.48 + 4 X 0.03(pH) volt. 

Iodine molecules a r e thus somewhat s t ronger oxidants than uranyl 
ions at a l l prac t ica l ly significant pH va lues ; it is therefore plausible that 
react ion (l) should proceed in the dark f rom the r ight to the left. 

If this back reac t ion occur red in the s imple way indicated in react ion 
(l) [ and not, for example , via the in termedia te formation of U(V)], and if all 
U(IV) p r e sen t in the i l luminated solutions was due to the photochemical r educ 
tion of U(VI) (making the concentra t ions [I2] and [U(IV)J identical) , the ra te of 
the back react ion would be 

_d[U(lV)] ^ ^^^^^_ ^ [U(lV)j [I2] = const . X [U{lV)f (2) 
dt 

Assuming , fur ther , that U(VI) is p resent in la rge excess (so that the concen
t ra t ion [U(VI)] is not marked ly depleted in light) and that the x:oneentration of 
[l"] is high enough to pe rmi t al l excited U02"'̂  ions to reac t with I~ during the 
excitat ion per iod, the ra te of the forward react ion in (l) must be , independently 
of the concentra t ion [l~]: 

t i M V l i . e o n s t . X L (3) 
at 

where L is the ra te of light absorpt ion, which is proport ional to the intensity 
of incident light. 

We then have for the photostat ionary s tate (designated by an a s t e r i s k ) : 

[U(IV)]* = [I2]* = const . X V l ^ (4) 

Hat t ' s r e su l t s indicated that [I2J* is propor t ional to a power of L even lower 
than 1/2; using the e m p i r i c a l formula [I2]* = const , x L v ^ , he obtained 
values of jc between 3.6 and 7. Baur suggested that such a high value of x can 
be explained by a high o rde r of the back react ion. He at tempted to make the 
l a t t e r plausible by assuming a ve ry complicated mechan i sm for this react ion. 
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involving in t e rmed ia ry format ion of the ions U(y), the i r dismutat ion, and a 
final reac t ion involving five ions . We do not need to d i scuss this implausible 
m e c h a n i s m , since it was abandoned in the next paper f rom B a u r ' s labora tory . 
This publication, by Ouellet (1931), conta inedthe somewhat m o r e p r e c i s e 
deternninations of the photostat ionary state shown in Table 4 . 1 . 

Table 4.1 

PHOTOSTATIONARY STATE IN URANYL IODIDE SOLUTIONS 
(after Ouellet, 1931) 

50 cc O.IN UO2SO4; [KI] = about O.OIN; no Oj, No I2 formed in 
the dark after s e v e r a l days . 

Light 

Art i f ic ia l 

Sun (Series 1) 

Sun (Series 2) 

Sun (Series 3) 

Sun (Series 4) 

Intensity 
(in 1000 lux) 

1.8 
7.5 

11 

170 
360 
660 
900 

170 
360 
660 
900 

465 
870 

445 
850 

[l2J*obs.(^) 

9.7. 
12.7 
14.6 

24.8 
33.2 
40.7 
41.0 

27.5 
36 
53 
57 

49 
54 

35.4 
41.5 

[la]* calc . (Eq. 

— — 

— 
- -

25 
34 
40 
42 

30 
39 
55 
59 

- -

- -

- -

- -

5) 

(a) [I2]* exp re s sed in cc of 4 x 10"*N Na2S203 needed for 
t i t ra t ion of the solution after i l lumination. 

The "calculated" [I2]* va lues in Table 4.1 were der ived fronn an em
p i r i ca l equation: 

wr = A + BL 
(5) 



with the constants 
7 

7 

A = 3400, B = 0.020 in s e r i e s 1; 

A = 3400, B = 0.0113 in s e r i e s 2 

Ouellet proceeded to show that an equation of type (5) can be der ived 
f rom B a u r ' s quaint theory of photochemist ry as "molecular e l ec t rochemis t ry . " 
According to this theory , light causes a "polar iza t ion" of the absorbing m o l e 
cule , and the charges on the two "poles" a r e removed by react ions with cathodic 
and anodic " d e p o l a r i z e r s " p resen t in solution. F o r example, the reac t ions in 
the u rany l iodide solution were r ep resen ted by Baur as follows: 

U(VI) light^ [U(VI) ]11 (polarization) (6a) 

x + 2 1 " — * l 2 
/ 

U(VI)++ _.+ U(VI) *.U(IV) ^ + U(VI) /two competing \ (6c) 
^ + 1 2 ^ 2 1 

(anodic depolarization) (6b) 

I two competing 
cathodic depolar i -

, (6d) 
zat ions ' 

React ion (6d) r e p r e s e n t s "depolar iza t ion" by one of the react ion products 
(iodine) and, as such, should cause "self- inhibi t ion" of the forward r e a c 
tion (6b,c). This "negative au to - ca t a ly s i s " accounts , according to Baur and 
Ouellet , for the second t e r m in the denominator of (5), and thus for the rapid 

light sa tura t ion" of reac t ion ( l ) . 

Replacing "molecular e l e c t r o l y s i s " by the usual photochemical con
c e p t s , one could imi ta te reac t ion sys tem (6a-d) by assuming that light absorbed 
by U02 '̂'" ions can sens i t i ze the back reac t ion between U(IV) and I2. However, 
a s imple r and m o r e na tu ra l assumpt ion , which leads to a s imi la r r e su l t , is 
that with increas ing concentra t ion of iodine, more and m o r e light is absorbed 
by the la t te r (instead of by the u rany l ions) and that under these conditions the 
back reac t ion in (l) becomes predominant ly photochemical : 

k ^ ^ ^ ^ Iz* (or I + I) ^tUilXL u(Vl) + 21- (7) 

One is at f i r s t tempted to suggest that the dark back react ion in (l) 
may be so slow that even in modera t e light ( l) will be pract ica l ly ent i re ly a 
photochemical react ion. Hatt h a s , in fact , observed that prei l luminated s y s 
t e m s containing uranyl ions , iodide and photochemically formed iodide can 
be left in the dark for s e v e r a l days without losing ent i re ly the brown color 
they have acquired in light. However, kinetic analys is shows that a combi 
nation of two opposing purely photochemical react ions would lead to a photo
s ta t ionary state which is independent of light intensi ty. The amount of light 
absorbed by iodine in a mix tu re containing uranyl ions as competing a b s o r b e r s 
i s : 

J. , abs 
Lfbs 3 oci^-UEJ Ltotal ^ ̂  

I2 ar [I2] +^uo++ [UO2++] ^ 
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r 
w h e r e t h e a ' s a r e the a v e r a g e a b s o r p t i o n coe f f i c i en t s of the two c o l o r e d 
s p e c i e s fo r t h e l ight u s e d . S ince we a s s u m e d UO^"*" to be p r e s e n t in e x c e s s , 
and [UO2 ] t h e r e f o r e to b e p r a c t i c a l l y c o n s t a n t , we h a v e , f o r t h e p h o t o 
s t a t i o n a r y s t a t e : 

FT 1* T ^^^ 
T a b s * _ l-̂ z-l -^ tota l /QX 

I2 K + [12] = 

w h e r e 

^ auot+ [UOt+] ^ ^ 
K = _^ •• •• (10) 

The amount of light absorbed by uranyl ions in the photostat ionary s ta te i s : 

abs* ^ a b s * KLf^x!,! , , 
L „ _ + + = L - L^ = , t'Qt,al (11) 

If the quantum yields of the forward and the backward reac t ion were 
the s a m e (e.g. , unity), the photostat ionary s tate would be simply the s ta te in 
which one-half of the light is absorbed by UO2"''", and the other half by I2 

[Izf = K (12) 

independently of light intensi ty . 

The quantum yield of the forward reac t ion may be 1, s ince I" is 
p resen t in concentra t ions of the o rde r of 10"^M which should be enough for 
a l l excited UO2 ions to encounter I" ions within the per iod of excitat ion. 
The quantum yield of the back reac t ion , on the other hand, may be <1 [because 
of the lower concentrat ion of U(IV), or because of p r i m a r y recombinat ion of 
some of the iodine atom p a i r s formed by the photocheinical p r o c e s s , 

I2. V ' I + l ] . This will make [I2]* >K, but leave it independent of light i n 
tens i ty . On the other hand, s ince the absorpt ion spec t r a of the two colored 
spec i e s , UO2 and I2, a r e different, the constant K, and with it the photo
s ta t ionary concentrat ion of iodine, would depend on the spec t r a l coraposition 
of the light used. 

To sum up, if (1) were a purely photocheraical reac t ion in both d i rec
t ions , the intensity of i l luminat ion, while affecting the ra te of approach to the 
photosta t ionary s ta te , would not affect the composi t ion of the solution once 
this s ta te has been reached; the la t te r would, however , depend on the spec t rum 
of the i l luminating light. 

Exper imenta l ly , [ l2]*is p rac t ica l ly independent of light intensi ty only 
in s t rong light; it decl ines to z e r o as light becomes weaker . Assuming that 
th is decl ine is r e a l (and not due m e r e l y to a very slow approach to the 
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equilibrium),. i t can be explained by assuming that the photochemical back 
react ion is super imposed on a slow t h e r m a l back react ion. The limiting 
value of [I2]*, reached in s t rong light, can be derived frora the data in 
Table 4 . 1 ; it is of the o rde r of 5 x lO'^M. Inser ted in (12) and (lO) this 
gives a value of about 200 for the ratio"a,j / a u o t • The absorption coef
ficients of UO2 in aqueous solution for visible light a r e of the o rder of 
1-10; those of iodine a r e of the o rde r of 100-1000, so that thei r ra t io i s , 
in fact , of the o rde r of 10^. More exact verif ication is not possible on the 
bas i s of Ouellet 's r e s u l t s , since they were obtained in white light of unknown 
s p e c t r a l composit ion. (Also, the quantum yield of the two react ions needs to 
be de te rmined experimental ly . ) 

An equation can be der ived for the s ta t ionary concentration, [I2]*, 
as a function of light intensi ty, containing, as p a r a m e t e r s , the rate constant 
of the t h e r m a l back reac t ion , 

U(IV) + I2 _!lL^U(Vl) + 21" , 

and the quantum yields of the forward and the r e v e r s e photocheraical react ion, 
•y and 7 ' . This equation is of the thi rd o rde r , even under the s i raplest a s s u m p 
t ions ; the pr imi t ive m e a s u r e m e n t s of Ouellet do not justify an effort to analyze 
thera by means of such an e laborate equation. It can be seen without raa the-
m a t i c a l analys is that [I2] * will i nc rease with ylJ at low intensi t ies (where the 
back reac t ion is p rac t ica l ly ent i re ly thermal ) and approach saturat ion in strong 
light, where the back reac t ion is prac t ica l ly completely photochemical . This 
is in g e n e r a l agreement with the exper iment . 

If this in terpre ta t ion is c o r r e c t , the react ion of uranyl ions with iodide 
offers an in teres t ing subject for raore p rec i se study, as a ra ther unusual ex 
ample of an inorganic oxidat ion-reduct ion sys tem in which visible light a c c e l 
e r a t e s the react ion in both d i rec t ions . 

C a r t e r and Weiss (1940) noted that the oxidation of uranous sa l t s to 
uranyl sa l t s by iodine is r e t a rded by ac ids . (A s i ra i lar observat ion was made 
in 1909 by McCoy and Bunzel in the case of oxidation of uranous sa l ts by 
oxygen.) They therefore expected to find the s ta t ionary araount of iodine, p r o 
duced by i l lumination of UO2 + I naixtures , to inc rease with acidity. This 
expectat ion was confirraed by the exper imenta l r e su l t s listed in Table 4 .2. 

The complete absence of iodine in i l luminated solutions containing no 
added acid contradic ts the above-desc r ibed e a r l i e r r esu l t s of Hatt and Ouellet 
(cf. Table 4.1). However, exact compar i son would requi re the considerat ion 
of intensi ty and s p e c t r a l coraposition of the light used in the two invest igat ions. 
It will a l so be noted that Ouellet used a 10:1 excess of uranyl sulfate over 
iodide, while C a r t e r and Weiss operated with a r e v e r s e ra t io of the two c o m 
ponents . This raay change the c h a r a c t e r and the concentrat ion of the complexes 
p resen t in solution. 
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Table 4.2 

IODINE LIBERATION FROM IODIDE BY URANYL IONS IN LIGHT 
(after C a r t e r and Weiss , 1940) 

0.0166M UO2SO4; 0.15M KI; [I2J present after one hour illuraination 

Acid added 

None 

l.OM 

2.0M 

[I2] , m o l e s / l i t e r 

0 

0.125 X 10" ' 

0.25 X 10" ' 

[U(IV)], m o l e s / l i t e r 

0 

0.15 t 0.05 X 10-3 

0.30 1 0.05 X 10"3 

The photochemical react ion of uranyl ions with iodide ions in the 
p resence of oxygen was studied quantitatively by Schneider (1935). In his 
paper , sensi t izat ion was a t t r ibuted to "coll is ions of the second kind," i .e . , 
to energy t rans fe r fronn UO2 to laq • However, the I ions have no e x 
cited e lec t ronic s ta tes low enough to pe rmi t the acceptance of the excitation 
energy of UO2 .' ne i ther is the la t te r sufficient to bring about the d i s 
socia t ion: 

UO^+* -I- I" • H2O ^ UO "̂"" + I + H + OH" (14) 

(a type of e l ementa ry photochemical p r o c e s s e s suggested by F r a n c k and 
Haber) . Schneider suggested that energy t r ans fe r is naade possible in this 
case by an (at least par t ia l ) ut i l izat ion of the recombinat ion energy of the 
a toms H and I: 

UO^+* -I- I " -H20 ^UO^+ + HI -I- OH- ( ^UO^+-l-H+ + I -+OH-) 

(15) 

The net chemica l change in (15) is z e r o , and Schneider suggested 
that iodine l iberat ion only occurs when the HI molecules meet an oxidant, 
such as molecu la r oxygen, before dissociat ing into H"̂  + I " . He concluded 
f rom this theory that no iodine at al l should be l iberated in the absence of 
oxygen and gave F ig . 4.1 as exper imenta l confirmation of this predic t ion. 
However, th is conclusion cont rad ic t s the r e su l t s of the above-descr ibed 
exper iments of Hatt, Ouellet, and C a r t e r and Weiss who have observed and 
m e a s u r e d the iodine production in oxygen-free a t raosphere . 

On theore t i ca l grounds , the hypothesis of in ter i ra HI format ion is 
innplausible. Pr ingshe i ra (1937) pointed out that the assumpt ion of col l is ions 
of the second kind as raechanism of quenching of UO2 f luorescence by iodide 
ions encounters grave difficulties (cf. Chap. 3), and Weiss (1938) suggested 
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II 

0.2 0.3 0.4 0.5 0.6 
PARTIAL PRESSURE OF OXYGEN 

THE ILLUMINATED SOLUTION 

0.7 0.8 
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0.9 

Fig. 4.1. Dependence of iodine formation (in relat ive units) on 

oxygen concentration. Solution: 0 .025N K I , 0 .05M UO2SO4 

(after Schneider, 1935). 
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that Schne ider ' s r e su l t s could be much be t t e r in te rpre ted by assuraing 
a t r an s f e r of e lec t rons ( ra the r than a t r ans fe r of energy) from the excited 
molecule to the quencher . If (13) is the p r i m a r y p r o c e s s of quenching, the 
inc reased yield of iodine in the p resence of oxygen can be explained by compe
ti t ion between the reoxidation of UO2 by I and by O2 . 

UO^+ + I - ^^> UOJ- -h I (16a) 

uot 
+1 — ^ u o ^ + -I- r c o r a p e t i t i v e ( l6b) 

r e - o x i d a t i o n 
of U(V) (16c) -I- 1/4 O2 + H+ ^ U O ^ + + 1/2 H2O 

I + I 5-l2 (16d) 

F i g . 4 .2 s h o w s the y i e l d of iod ine (in r e l a t i v e un i t s ) a s a func t ion of 
iod ide c o n c e n t r a t i o n in 0 .025M UO2SO4 so lu t i on a c c o r d i n g to S c h n e i d e r . The 
two c u r v e s a r e for s o l u t i o n s wi th and wi thou t a d d e d a c i d . The effect of a c i d 
c o n c e n t r a t i o n i s shown in F i g . 4 . 3 , in wh ich the y i e l d i s p lo t t ed a g a i n s t 
a c i d i t y . 

T h e g r a d u a l a p p r o a c h to [ l - ] s a t u r a t i o n cou ld be u n d e r s t o o d on the 
b a s i s of e i t h e r the e l e c t r o n t r a n s f e r o r t h e e n e r g y t r a n s f e r t h e o r y . In the 
a b s e n c e of a c i d , t h e r a t e i s " h a l f - s a t u r a t e d " a t abou t 5 x 10"'*M i o d i d e ; if 
it i s a s s u m e d t h a t t he r e a c t i o n of UO^"*" wi th I " connpe tes wi th f l u o r e s c e n c e , 
h a l f - s a t u r a t i o n m u s t be a c h i e v e d when k 0 = k [ l - ] , (whe re kjf, i s t he r a t e c o n 
s t a n t of f l u o r e s c e n c e , o r ' v l O ' * s e c " ' f o r U02"^ ; cf. C h a p . 3). T h i s g i v e s 
k « 2 X 10^. (A v a l u e of t h e s a r a e o r d e r of m a g n i t u d e , k = 5 x 1 0 ' , w a s found 
by C a r t e r and W e i s s fo r t h e r a t e c o n s t a n t of q u e n c h i n g of u r a n y l n i t r a t e 
f l u o r e s c e n c e by iod ide . ) In t h e p r e s e n c e of 0 .008N H2SO4 the c u r v e r i s e s 
nauch m o r e s t e e p l y and , a f t e r r e a c h i n g s a t u r a t i o n , s h o w s a s low d e c l i n e 
wi th i n c r e a s i n g [ l - ] . D i s r e g a r d i n g t h i s d e c r e a s e , we e s t i m a t e t h a t t h e r a t e 
i s ha I f - s a t u r a t e d a t about 2 x 10"* M , c o r r e s p o n d i n g to k = 5 x 10''. T h e 
o r d e r of m a g n i t u d e of t h e s e k v a l u e s (2 -5 x 10^) a p p e a r s a t f i r s t t o be i n 
c o m p a t i b l e wi th t h e a s s u m p t i o n of a r e a c t i o n by t h e f i r s t e n c o u n t e r b e t w e e n 
UO2 and I " i o n s : g a s - k i n e t i c a l r a e t h o d s f o r the c a l c u l a t i o n of c o l l i s i o n 
f r e q u e n c i e s g ive about 10"® s e c a s t h e a v e r a g e i n t e r v a l b e t w e e n two c o l l i s i o n s 
of h e a v y p a r t i c l e s , s u c h a s UO^"*" and I - , a t one a t m o s p h e r e p a r t i a l p r e s s u r e 
( i . e . , a t a c o n c e n t r a t i o n of about 5 x 10"^ M of e a c h c o m p o n e n t ) , and t h u s 
To =; 5 X l O " ' " s e c fo r t h e a v e r a g e c o l l i s i o n i n t e r v a l at I M . T h i s would m e a n 
k = 1 /TO — 2 X 1 0 ' s e c - * f o r t h e r a t e c o n s t a n t of a r e a c t i o n o c c u r r i n g by the 
f i r s t c o l l i s i o n o r a h u n d r e d t i m e s the e x p e r i m e n t a l r a t e c o n s t a n t of b o t h the 
f l u o r e s c e n c e quench ing and the iod ine l i b e r a t i o n . H o w e v e r , e n c o u n t e r s in a 
s o l u t i o n , p a r t i c u l a r l y b e t w e e n i o n s , p r o b a b l y a r e s p a c e d w i d e r t h a n c o l l i s i o n s 
in a g a s of e q u a l c o n c e n t r a t i o n . (Th i s w i d e r s p a c i n g b e t w e e n e n c o u n t e r s 
c o m p e n s a t e s fo r the s o - c a l l e d " c a g e e f fec t " - t he l o n g e r a v e r a g e p e r i o d 
w h i c h p a r t i c l e s s p e n d t o g e t h e r once t h e y f ind t h e r a s e l v e s i n s i d e a c o m m o n 
h y d r a t i o n s p h e r e . ) T h i s effect cou ld p e r h a p s r e d u c e t h e o r d e r of m a g n i t u d e 
of k f o r a f i r s t - e n c o u n t e r r e a c t i o n b e t w e e n u r a n y l and iod ide ions f r o m 
1 0 ' t o 1 0 \ 
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Fig. 4.2. Iodine formation ( in re lat ive units) in l ight 
In K I + UO2SO4 solut ion as function of 
Iodide concentration. Upper curve, with 
0 .008 N H2SO4. Lower curve, without added 
acid (a f ter Schneider, 1935). 



/f-

0.01 0.005 0 0.005 0.01 0.02 
N NaOH N H2SO4 

0.03 0.04 

g. 4.3. Iodine format ion ( in re la t ive units) in i l luminated 

solut ion (0 .02M in I g , 0 .025 M in UO2SO4) as function 
of acidi ty (af ter Schneider, 1935) . 
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The dec rea se in the r a t e of react ion with increas ing pH may be due 
to an assoc ia t ion of UO2"''" ions with OH" or O" ions (cf. Chap. 2). In this 
in te rpre ta t ion we have to a s s u m e that complex uranyl ions have less in 
clination than f ree UO2""'" ions to reac t with I" after excitation, perhaps in 
consequence of m o r e rapid energy diss ipat ion in the coraplex. F o r exannple, 
one could imagine that , in the complex, the p r i m a r y pho toche ra i c l react ion 
causes an e lec t ron to be t r a n s f e r r e d to the anion: UO "̂*" OH" ^̂ -> UO^ OH. 
The e lec t ron immediate ly r e tu rns back to the cation, and the excitation 
energy is diss ipated by the coupling of this e lec t ron t rans fe r with molecular 
v ib ra t ions . If this raechanism real ly occu r s , it should be recognizable by a 
quenching effect of OH" ions on the f luorescence of UO2"''". Unfortunately, 
no re l iable r aeasu remen t s of the yield of f luorescence of uranyl ions a r e 
avai lable at p resent for any pH value - not to speak of a systeraat ic study 
of this yield as a function of pH. 

A s i ra i la r suggest ion could a lso be used to in te rpre t the decline which 
the iodine formation shows (in acid solution) when [l"] becoraes >2 x 10"^ M 
(and, incidental ly, to explain the difference between the resu l t s of C a r t e r and 
Weiss and of Ouellet, noted above). The requi red assuraption i s , however, 
that in this case the reac t ion between UO2"'''* and I" is less likely to occur 
when these two ions a r e a s soc ia ted in a complex, such as U02"^ I", than when 
they mee t in solution. This sounds paradoxica l , but may be t rue - for exannple, 
because the p r i m a r y back reac t ion (electron t r ans fe r from I to UO2") may 
have a higher probabil i ty in the complex than in a colliding and iramediately 
separa t ing ion pa i r . 

At ve ry high KI concent ra t ions , the iodine l iberat ion inc reases again 
(Fig. 4.4), perhaps because of format ion of a new kind of complex. 

Quali tat ively s i m i l a r r e su l t s were obtained by Schneider with uranyl 
n i t r a t e in the p resence of KI or Li l . 

The ini t ial quantum yield of iodine l iberat ion, 70 (in 0.025M UO2SO4 + 0.02N Kl), 
was found by Schneider to be somewhat sma l l e r than 1: 

X{mfL) 

435.8 
406 
366 

7o 

0.57 
0.32 
0.70 

That 7o is s m a l l e r than 1 raay be due to the above-nnentioned "pr imary back 
reac t ion" of UO2 and I, occurr ing before the separat ion of the two react ion 
products by diffusion ("cage effect"). This recorabination nnay occur not 
only when the ions a r e a s soc ia t ed in a complex (as suggested above for 
UO^+OH" and UO^+I") but a l so - albeit with a l e s s e r probabili ty - when they 



16 

II 

Fig. 4 .4. Increase of photochemical iodine formation in 
uranyl + iodide solutions at high iodide concen
trations (after Schneider, 1935). 
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r eac t during a kinetic encounter . The inc rease of 70 with decreasing wave 
length (between 406 and 366 rojU.) can then be at t r ibuted to inc reased p roba
bili ty of escape f rom reconnbination when the products a r e formed with a 
higher kinetic energy, (the energy of a 366 mjj, quantum being l a rge r than 
that of the 406 m/i quantum). The renewed inc r ea se of 7 at 436 m/i r e q u i r e s , 
however , a different in te rpre ta t ion . 

The react ion of UO2""'" with I" in the presence of a i r was also studied 
by Montignie (1938), but in a r a the r crude way. He found that the decoraposi-
tion in an open v e s s e l is considerably m o r e rapid than in a sealed bulb 
(4% I2 l ibera ted in four days in a sealed bulb, 7% in an open vesse l ) . Montignie 
in te rp re ted the reac t ion as oxidation of uranyl iodide by oxygen: 

UO2I2 + H2O + 1/2 O2 ^U02(OH)2 +I2 (17) 

In this scheme the uranyl sal t is hydrolyzed while serving as catalyst for 
the oxidation of iodide by oxygen. Solid uranyl iodide i s , in fact, an unstable 
compound, but its aqueous solutions have been descr ibed as stable (cf. Katz 
and Rabinowitch, 1951, pp 595-6). Of c o u r s e , it is not irapossible that such 
solutions might be hydrolyzed in light, but the re see ra to be no reason why hydroly
s i s shouldbe a n e c e s s a r y concomitant of u rany l - sens i t i zed oxidation of iodide, 

1.2 Oxidation of Other Inorganic Reductants - Another photochemical 
react ion of UO2"'" with an inorganic reductant was studied by Di^nert and 
Vil lemaine (1934); the reductant was hypophosphate, Rosenheim andTrewendt 
(1922) had previously found no interact ion of UO2"'' and hypophosphate in the 
dark in s t rongly acid solution (while a prec ip i ta te was produced in weakly acid 
or neu t ra l solution). In light the format ion of a green colloidal precipi ta te was 
observed by Di^nert and Vil lemaine even in the presence of s t rong sulfuric acid. 
It was fornned in 150 sec in diffuse light and in 50 sec in di rect sunlight. P r e 
cipi tat ion ceased when the v e s s e l was again t r a n s f e r r e d into da rknes s . 

Lipkin and Weissraan (1942) made qualitative observat ions of the 
photochemical behavior of solutions of uranyl sa l t s in the p resence of var ious 
r educ tan t s . The r e su l t s obtained with inorganic reductants a r e sunnmarized 
in Table 4 .3 . The repor t did not raake it c lear whether the experiraents were 
c a r r i e d out with the exclusion of a i r or in i ts p resence . 

The s ame authors a t tempted to produce in te rna l photochemical 
oxidat ion-reduct ions in c rys ta l l ine sa l t s of uranyl cations containing oxidizable 
anions . They obtained indications of a posit ive effect in uranyl potass ium 
fe r rocyan ide , U02K2Fe(CN)6^, but no signs of react ion in solid uranyl sulfite, 
phosphi te , m e t a r s e n i t e , hypophosphite, u r ana t e , and thiosulfate (as well as in 
s e v e r a l sa l t s containing organic anions). 
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Table 4. 3 

REDUCTION OF INORGANIC COMPOUNDS BY UO^+IONS IN LIGHT 
(after Lipkin and Weissman, 1942) 

UOg compound 

Sulfite 

Sulfite 

Sulfite 

Sulfate 

(NH^)2C03 complex 

Bromide 

Acetate 

Reductant 

H2SO3 

H2SO3 

H2SO3 

NH2NH2 

NH2NH2 

SOCI2 

SOCI2 

Solvent 

H2SO4 

H2SO4 

H2SO4 

H2SO4 

H2O 

SOCI2 

SOCI2 

Temp., °K 

90 

193 

293 

293 

293 

293 

293 

Fluorescence 

strong 

weak 

none 

none 

none 

none 

none 

Reduction 

no 

yes 

yes 

no 

yes 

no 

no 

Schwab and I s s i d o r i d i s (1942) found e v i d e n c e of p h o t o c h e r a i c a l UO^''' 
r e d u c t i o n in a d s o r b e d l a y e r s on i n o r g a n i c a d s o r b e i : s , s u c h a s AI2O3, o r Z n O ; 
the ye l low c o l o r of u r a n y l i ons c h a n g e d in l igh t to g r e e n i s h - b r o w n . T h i s 
o c c u r r e d only in a c i d m e d i a . No c h a n g e w a s o b s e r v e d wi th g l a s s p o w d e r , 
M g O , Sn02 , S i 0 2 , C d C 0 3 , o r u r a n y l a lunninate a s a d s o r b e r . The effect d i s 
a p p e a r e d w h e n w e a k o x i d a n t s w e r e added t o the s o l u t i o n . 

1.3 U r a n y l - s e n s i t i z e d Oxida t ion of W a t e r by B r o m a t e - U r a n y l i ons 
do not o x i d i z e w a t e r in l i gh t ; i . e . , i l l u m i n a t e d a q u e o u s u r a n y l s a l t s o l u t i o n s 
l i b e r a t e no oxygen . S ince e x c i t e d U02"'^ ions h a v e an e l e c t r o n aff ini ty suf f ic ien t 
t o d i s c h a r g e OH" i o n s , t h e a b s e n c e of oxygen l i b e r a t i o n m u s t be a t t r i b u t e d to 
e f fec t ive b a c k r e a c t i o n (as s u g g e s t e d above on p . 10). B a u r ( I 9 I 8 ) o b s e r v e d 
t h a t oxygen i s l i b e r a t e d f r o m i l l u r a i n a t e d u r a n y l su l f a t e so lu t ion if b r o r a a t e 
i s a d d e d (0 ,025M UO2SO4 , 0 .025M K B r O , , 0,5N H2SO4). Sixty cc oxygen w e r e 
e v o l v e d fronn s u c h a so lu t ion e x p o s e d to sun l igh t f o r two w e e k s [ t o g e t h e r wi th 
abou t an equa l a m o u n t of n i t r o g e n , a t t r i b u t e d by B a u r to t h e d e c o m p o s i t i o n of 
(NH4)2S04 p r e s e n t a s i r a p u r i t y in UO2SO4], If oxygen in t h i s e x p e r i r a e n t a c t u a l l y 
w a s t h e p r o d u c t of ox ida t ion of w a t e r , a p o s s i b l e m e c h a n i s n n i s 

U(VI) + OH" J i S ^ U ( V ) [or 1/2 U(IV) -I- l / 2 U ( V l ) ] -I- OH ( l8a ) 

U(V) [or l /2U( lV)- l - l / 2 U ( V l ) ] + l / 6 B r O ^ + H"*" >• U(VI) 

+ 1/6 B r - + 1/2 H2O (18b) 

4 0 H »» 2H2O + O2 (18c) 
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In other words , the re-oxidat ion of U(V) [or U(IV)] by bromate (reaction 18b) 
may so successful ly compete with its re-oxidat ion by hydroxyl rad ica ls (back 
reac t ion in 18 a) that sonne hydroxyl rad ica ls will be left free for conversion 
to oxygen. 

However, the exper imenta l r e su l t s of Baur a r e in need of confirmation, 
pa r t i cu la r ly because sorae gas was a lso obtained in his exper iments by i r r a d i a 
tion of the b romate solution without the p resence of uranyl sal t . 
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2, PHOTOCHEMICAL REACTIONS OF URANYL IONS 

WITH ORGANIC COMPOUNDS 

A c h a r a c t e r i s t i c feature of the react ions of UO2"'" ions with organic 
compounds in light is the combination of d i r ec t photochennical oxidation of 
the organic nnaterial by the uranyl ion [and the concomitiant reduction of 
U(Vl) to U(lV)] with sensi t ized decomposi t ion (usually de-carboxylat ion) of 
the acid, which leaves U(Vl) unchanged. Decarboxylation can be in terpreted 
as disrautation (internal oxidat ion-reduct ion) , in which one pa r t of the acid 
is reduced, while the other pa r t is oxidized to carbon dioxide. It can be 
suggested that in reac t ions of this type l ight-excited uranyl ions oxidize one 
pa r t of the organic raolecule and a r e then oxidized back to the U(Vl) level 
by the other pa r t , thus serving as l ight-act ivated disnnutation ca ta lys t s . R e 
actions of both types can occur in the absence of oxygen; in the p re sence of 
the la t te r , a third reac t ion becomes poss ib le - sensi t ized autoxidation of the 
organic reductant . 

2.1 Monobasic Aliphatic Acids 

(a) F o r m i c Acid - Fay (l896), in descr ibing the photodecomposition 
of oxalic and other organic acids by uranyl ions in sunlight, nnentioned that 
he could obtain no evidence of a react ion with formic acid. The reason nnay 
be the compara t ive ly weak absorpt ion of light by uranyl - formic acid cora-
plexes in the v is ib le and near u l t raviole t (compare the e values at 300 mju in 
Tables 2.2 and 2.8; the difference is probably even m o r e pronounced at 
A.>300 ro/Li). The f i r s t posi t ive observat ion was raade by Schil ler , (1912) in 
Bau r ' s labora tory , on the occasion of a study of photogalvanic potentials 
(Becquerel effect). He noted that in a uranyl sa l t solution containing 0,025 M 
sodium fornnate, the e lec t rode potential gradual ly grew nnore posi t ive upon 
exposure to light, and at t r ibuted this change to the react ion 

UO "̂*" + 3H+ + HCOO" ^^g^^. U"*"* -I- CO2 + 2H2O (19) 

This slow, i r r e v e r s i b l e react ion formed the background for a raore rapid, 
r e v e r s i b l e change, which caused a shift of the e lec t rode potential in the o p 
posi te d i rec t ion for the durat ion of i l lumination. (Under the mos t favorable 
conditions, this shift was as wide as 0.6 volt, e.g., f rom -0.33 to +0.26 volt; 
cf. below, the sec t ion on photogalvanic effect.) 

The i r r e v e r s i b l e react ion ( l9) , which was very slow in the light of 
a Nerns t bu rne r , becanne much m o r e rapid in the light of a nnercury lamp. 
The reac t ion product was pure carbon dioxide; no forraation of carbon m o n 
oxide was observed . 
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Courtois (1913) p repa red solid uranyl fornnate (yellow c r y s t a l s , which 

he identified as U 0 2 ( C 0 0 H ) 2 - H 2 0 and dehydrated at 150°C) and found dilute 
solutions of this corapound to be unstable , par t icu lar ly in light. In the p r e s 
ence of a i r , a 2% solution exposed to light rapidly formed a violet UaOg hydrate; 
an abundant p rec ip i ta te of bas ic uranyl formate was fornned simultaneously. 

In the absence of a i r , the prec ip i ta te was initially white, and the so lu
tion became green . La te r , gas bubbles appeared. After two weeks ' exposure, 
the prec ip i ta te was g reen and the solution co lo r less , but the gas evolution 
continued slowly. The gas contained both carbon dioxide and carbon monoxide, 
with an excess of the fo rmer . 

Miiller (l915) descr ibed the photochemical sensi t ivi ty of solid uranyl 
formate : The intensely ye l lowish-green c rys ta l s acquired dark green or even 
black color upon il lumination by a m e r c u r y a r c . In aqueous or alcoholic so lu
tion of the s a m e sal t , U3O8 hydra te was precipi tated upon illumination. 

Hofmann and Schumpelt ( l9 l6) confirnned that uranyl formate is very 
sensi t ive to light. Yellow aqueous solutions of this sa l t becanne dark green 
in sunlight, and a black powder was prec ip i ta ted . Distil lation of the nnixture 
after exposure indicated the p r e sence of sonne formaldehyde (identified by 
violet coloring with morphine) , an observat ion which caused Hofmann to 
speculate on the poss ib le s imi la r i ty of this react ion to photosynthesis . 

A nnore systeraat ic investigation of the u r a n y l - f o r m i c a c i d react ion 
in light was ca r r i ed out, in B a u r ' s labora tory , f i r s t by Hatt, and la ter by 
Ouellet. 

Hatt ( l9 l8) confirmed Sch i l l e r ' s finding that the react ion of UO2 ions 
and HCOOH in light gives pure carbon dioxide and no carbon nnonoxide (con
t r a r y to the findings of Courtois) . He illuminated uranyl sulfate solution in 
dilute sulfuric acid in the p r e s e n c e of fornnic acid with the light of a m e r c u r y 
a r c . Air was excluded by sealing off the react ion tubes under carbon dioxide. 
The p r o g r e s s of reac t ion was de termined by U(lV) t i t ra t ion with permanganate . 
The following a r e some of the resu l t s obtained by Hatt: 

Effect of UOJ""*" Concentration - The formation of U(lV) was found to 
begin with a lmos t the s a m e velocity at two different UO "̂*" concentra t ions , 
one twice as high as the other . This indicates that the r a t e of light a b s o r p 
tion was approxiraately the sarae in both cases (probably, absorpt ion was 
prac t ica l ly complete even in the nnore dilute solution). However, the react ion 
approached complet ion m o r e rapidly in the m o r e concentrated solution. The 
suggestion that this may be due to a corapetition for light quanta between 
UO2 â nd the newly-formed U"*"* (which, a t a given value of U"*"*, will be the 
l e s s effective the higher the concentra t ion of UOj"*") was re jected by Hatt 
because of his inability to explain, on this bas i s , the shape of the curves of 
react ion velocity as function of t ime . Hatt suggested that the cause of the 
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slowing-down of the reac t ion with tinne is an ant i -ca ta ly t ic action of the r e 
action produc ts , specifically, U(lV) - an effect which, for some reason , is 
the nnore effective the lower the U(Vl) concentrat ion. 

Effect of Light Intensity - The initial velocity of the react ion proved 
to be propor t ional to light intensity. 

Effect of Additions - The following additions w e r e found to r e t a rd 
the reac t ion s t rongly: 

CI" 
I" 
Fe+3 

O.OIN KCl reduced the initial velocity to about 1/4; 
This ion had an even s t ronger effect than CI"; 
0.004N FeClj reduced the initial velocity by 95%; 

U(lV) and U(V) connpounds:: These compounds re ta rded the react ion 
only when p r e sen t in concentrat ions of the sanne o rde r of 
magnitude as U(Vl). This effect may be due to compe t i 
tion for light quanta, r a the r than to anticatalyt ic inhibition. 

HSO^ ions: Sulfite ions had no s t rong effect on the r a t e . 

Quantum Yield - Hatt, using published data for the intensity of the 
m e r c u r y a r c , and assuraing coraplete absorpt ion, calculated a quantum yield 
of 0.4 for the init ial velocity of fornnate oxidation by uranyl ions. In a s u b 
sequent publication from B a u r ' s labora tory , Biichi (l924) nnentioned 0.7 as 
the quantunn yield of the s ame react ion, but it was not explained why this 
higher value was substi tuted for Hat t ' s value of 0.4. (Still l a te r , cf. below, 
Ouellet estinnated that, under mos t favorable conditions, the quantum yield 
should be near 1.0.) 

The influence of var ious sa l t s on the r a t e of photochennical react ion 
between U02"'̂  and HCOOH also was investigated by B e r g e r (l925), whose 
point of view was quite different from that of Baur and his c o - w o r k e r s . 
Be rge r considered this effect as re la ted to the effect of sa l t s on the r a t e of 
o rd ina ry chemica l reac t ions between ions (Brons ted ' s theory) . With this 
concept in mind, he studied the sa l t effect in m o r e dilute solutions than 
those used by Hatt (e.g., 0.0674N COOH", 0.00795N UO^+, 0.0599Nfree HCOOH). 
He illurainated the solutions at 10°C with a nnercury lamp in the p r e s e n c e of 
varying amounts of KCl, NaCl, KBr, MgCl2, MgS04, Na2S04, and K2SO4. Fig. 4.5 
shows the effect of six of these sa l t s on the init ial r a t e of CO2 l iberat ion. 

Berge r s tated that the observed sa l t effects can be in te rpre ted if the 
"react ion complex" is ass igned the composit ion | UO2 + H + 3HCOO"} , 
and if the influence of ionic s t rength on the equilibriunn concentrat ion of this 
complex is calculated by means of Brons ted ' s equation. The propor t ional i ty 
between the calculated concentra t ions of the react ion complex, [C], and the 
observed re la t ive r a t e of react ion, v^.^^ was bes t in the ca se of KCl (Table 4.4). 
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Fig. 4.5. Effect of salts on the uranyl —formic acid 
reaction (after Berger, 1925). 
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Table 4.4 ' 

E F F E C T OF POTASSIUM CHLORIDE ON PHOTOXIDATION OF 
FORMIC ACID (AFTER BERGER, 1925) 

[KCl], m o l e s / l i t e r 

Vj.gi(interpolated) 

[C] (calculated) 

0.01 

0.44 

0.43 

0.02 

0.33 

0.31 

0.05 

0.18 

0.19 

0.10 

0.09 

0.10 

However, B e r g e r did not inquire whether the equil ibrium concen t r a 
tion of the postulated pen ta -molecu la r complex can be high enough to account 
for the high observed absolute yield of decomposit ion. Since the la t ter has 
a quantum yield of the o rde r of 1, B e r g e r ' s hypothesis is improbable . Sub
sequent invest igations indicated that a much s imp le r , b inary complex p r o b 
ably acco\ints for much of the reac t ion . 

Baur ( l929, 1932) saw in the inhibition of the uranyl formate r e a c 
tion by sa l t s (including the effects observed by Berger ) a confirmation of 
his "depolar izat ion" theory. He thought that to prove this it was sufficient 
to show that the inhibition can be r ep re sen t ed by an equation of the type 

V = avo/(l + b [c]) (20) 

where [c] is the concentra t ion of the inhibitor, and a and b a r e constants . 
This equation ("Stern-Volmer equation"), however, is valid for al l c a s e s 
of competit ion between a monomolecular and a b imolecular react ion (cf. d i s 
cuss ion below), and can therefore not be used to support a specific mechan i sm. 

In applying Eq. (20), Baur mainly used the e laborat ion of Hat t ' s r e 
sul ts in a m o r e detailed investigation by Ouellet. Ouellet ( l93l ) used white 
light, with u l t rav io le t and infrared f i l tered out; a reac t ion v e s s e l without 
inhibitor se rved as an ac t inometer for the de terminat ion of re la t ive light 
intensity. The UO2SO4 solution was excluded in the s a m e way as by Hatt, 
(cf. above), and the KMn04 t i t ra t ion method again was used for the d e t e r 
mination of U(lV). 

The effect of the following additions on the t ime curves of the photo
chemica l reduction of U(Vl) to U(lV) was m e a s u r e d : 

Strong Inhib i tors : Hydroquinone, Cr20f", NO^", Fe"'"'' (according to 
Hatt, CI", I", Fe"*"̂  belong to the s a m e c l a s s ) . * 

^Ouellet ment ions only Fe"*""*", but Hat t ' s exper iments explicity r e f e r r e d 
to FeCls. It is poss ible that the effects f i r s t a t t r ibuted to Fe were 
l a te r decided to have been due to Fe"*"̂  contamination. 
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Mediiim Strong Inhibi tors : Ag"*", CN~, Hg++ (according to Hatt, a lso 
V2O5 and VO). 

Weak Inhibi tors : NOj", Co++, C r + ^ Cu++, Mn++, F " , (also HSOj", a c 
cording to Hatt). 

No Effect: Na3P04, MgS04, NH4COOCH3. 

Of those inhibi tors , Ag"̂  and Hg"*"'*' a r e themselves reduced (to metal l ic s i lver 
and Hg2^ respec t ive ly) . Cr207 changes color, but o the r s , such as the halide 
ions, fe r rous sulfate and hydroquinone, appear to ac t as t rue an t i -ca ta lys t s . 
With ch romate and the vanadi\im compovinds, induction periods were observed, 
during which the added compound probably served as oxidant, instead of the 
u(vi). 

Effect of [ H C O O H ] - The r a t e of photoreduction was found by Ouellet 
to i nc r ea se with increas ing concentrat ion of formic acid until a "sa tura t ion" 
was reached somewhere above 10%; pract ica l ly no difference in ra te was 
observed between 12.5% and 50% acid. Ten per cent HCOOH cor responds 
to about 2M; this is a very high concentrat ion to be required for the "sa tu
ra t ion" of a photochemical p r o c e s s if this p rocess w e r e to occur by the f i r s t 
kinetic encounter between l ight-excited ions and the acid molecules (cf. d i s 
cuss ion below, p . 26. The effect of inhibitors (FeS04 was used as an example) 
was found to d e c r e a s e with increas ing concentrat ion of formic acid. 

Effect of [U02 '̂'"] - The r a t e of formation of U(lV) increased with in 
c reas ing concentra t ion of 1102"^, reached a maximiim in the neighborhood 
of 0.1 6M, and then declined again. 

Quantum Yield - Ouellet pointed out that Hatt ' s quantum yield e s t i 
ma te was made at a suboptimal concentrat ion of formic acid ( O . I N ) . Mul t i 
pl icat ion of his value (7 = 0.4) by the ra t io found by Ouellet between the r a t e 
in O.IN acid, and the maximum r a t e , gave for the maximum quantum yield 

7 = 0.97 ^ 1 

Analytical Express ion - Ouellet found that (in agreement with Baur ' s 
expectation) the inhibiting effect of var ious " d e - s e n s i t i z e r s " can be expressed 
by Eq. (20), in which [c] is the concentrat ion of the inhibitor. The values of 
the constants a and b a r e given in Table 4 .5 . These analyt ical formulations 
apply to initial ve loc i t ies . As U(lV) is formed, it acts as an additional "auto-
inhibi tor"; its effect, too, can be r ep resen ted by an equation of the type (20). 



Table 4.5 

E F F E C T OF INHIBITORS ON PHOTOXIDATION OF 
FORMIC ACID BY URANYL IONS ( B A U R ) 

Inhibitor 

c i -

Fe++ 

Hydroquinone 

Co++ 

Mn++ 

Constants in Eq. (20) 

a 

1.27 

0.89 

1.1 

0.66 

1.07 

b 

430 

5000 

4520 

66 

21 

Discussion - The mechan i sm of the u ranyl - formate react ion has not 
been fully clarif ied by the investigations of Ouellet, which had the typical 
quantitat ive and theore t ica l shor tcomings of the (qualitatively often valuable) 
work from B a u r ' s labora tory . 

The spect roscopic s tudies descr ibed in Chap. 2 (See. 22) make it 
probable that the reac t ion occurs not - or not mainly - by kinetic encounters 
between free excited uranyl ions and free formate ions (or formic acid m o l e 
cules) in solution, but ei ther par t ia l ly or exclusively by the excitation of p r e 
formed complexes of both r eac t an t s . The high concentrat ion of formic acid 
(about 2N) requi red to obtain the max imum quantum yield supports the 
assumpt ion that light absorbed by f ree UOj"*" ions does not contr ibute s i g 
nificantly to the react ion. The na tu ra l lifetime of excited UOl"*" ions, c a l 
culated from the integrated intensity of the absorpt ion band, is of the o rde r 
of 10"^ sec ; the good f luorescence yield indicates that this l ifet ime is 
abridged by l e s s than a factor of 10 in consequence of rad ia t ionless energy 
dissipation. Even a lifetime of 10~* sec . should be sufficient for every free 
UOz^* ion to encounter , during the excitat ion per iod, a HCOOH molecule 
(or a COOH" ion), at formate concentra t ions of the o rde r of, say, 10~^M 
(cf. p . ^ for s imi l a r calculation for UOj"*" and I" encounters) while the m a x i 
mum quantum yield is obtained only at concentrat ion of the acid a thousand 
t imes higher . One could suggest that react ion between UO^"^* and fornnate 
r equ i r e s t h e r m a l activation energy in addition to the excitation energy of 
the uranyl ion, but this is not ve ry p laus ib le . It s eems much m o r e likely 
that "saturat ion" of the uranyl - formic acid reac t ion with fornaic acid occurs 
when al l u rany l ions a r e complexed with formate . Determining what kind 
of complexes a r e respons ib le would r e q u i r e a specia l spec t roscopic and 
kinetic investigation. Offhand, one would a t t r ibute the react ion mainly or 
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exclusively to the s i m p l e s t b inary complex, [UO2 HCOO~j . According to 
its es t imated equilibriunn constant (cf. Table 2.7), this complexing should 
approach completeness in about IM formic acid, the same concentrat ion 
region in which the react ion with uranyl reaches its full r a t e . However, 
the re la t ive impor tance of higher coraplexes cannot be es t imated until 
(a) thei r existence and equilibrit im constants a r e known, and (b) their a b 
sorpt ion curves have been de te rmined . The higher complexes, studied by 
Ahrland (cf. Chap. 2), with other anions (e.g., acetate) have, in general , i n 
c reas ing ly intense absorpt ion, pa r t i cu la r ly at the longer waves . Therefore , 
a comparat ively sma l l number of these complexes may absorb a d i sp ropor 
tionately high fract ionof incident light, par t icu lar ly in cer ta in wave length 
reg ions , and thus account for a disproport ionately large fraction of photo
chemica l change. 

The la rge photogalvanic effect observed in the sys tem UO2"''' + HCOO~ 
(cf. p. 20) indicates that the p r i m a r y effect of light is the r eve r s ib le formation 
of high energy products - probably free radicals - e.g., 

{uot+-HCOO~} = ^ = i ^ = a s [ u O ^ H C O o } =iF=^ UOj + HCOO (2l) 

where b r aces refer to a complex. Liberat ion of carbon dioxide may requ i re 
the in teract ion of two HCOO r a d i c a l s : 

HCOO + HCOO -HCOOH + CO2 (22) 

in competi t ion with the back react ion in (2l ) . 

In this p ic tu re , the inhibiting effect of the "de - sens i t i ze r s , " studied 
by Hatt, Be rge r , and Ouellet, can be due ei ther to their influence on the 
equi l ibr ium concentra t ion of the complex, or to their effect on the kinetics 
of photoxidation. Since the complex contains at leas t one, and probably 
two, ions, an e lec t ros ta t i c " sa l t effect" on its equil ibrium concentrat ion is 
inevitable, and exact de terminat ions of the equil ibrium constant should take 
it into account. It i s , however, unlikely that this effect can be strong enough 
to explain the inhibition. Fore ign anions could affect the equi l ibr ium con
cent ra t ion of the complex m o r e effectively and in a m o r e specific way -
namely, by displacing the formate anion from the complex. However, the 
fact that the s t ronges t " d e - s e n s i t i z e r s " a r e either oxidants or reductants 
sugges ts that kinetic phenomena may be m o r e important than equilibrivim 
effects. Kinetic inhibition can have two r ea sons : the added ions may ei ther 
r e t a rd the forward reac t ions , or a c c e l e r a t e the back react ion. 

When UO2 * and COOH" r e a c t by kinetic encounters , the effect of 
oxidizable inhibi tors could cons is t in their d i rect competit ion with formic 
acid as oxidation subs t r a t e in the photochemical p r o c e s s , e.g.. 



UO++* + i ^^^^~ "UOz + HCOO (main reaction) (23a) 
^ \+l~ *- UOj + ^ I2 (competing reac t ion with (23b) 

inhibitor) 

With constant [HCOO"], the effect of increased iodide concentrat ion 
would then obey an equation of the type (20). 

If, however, HCOO" and UO2 r e a c t when they a r e combined in a 
complex, the in te r fe rence of an inhibitor with the photochemical forward 
react ion appea r s unlikely; in this ca se , "kinet ic" inhibition may be due to 
a catalytic effect of the inhibitor on the back react ion. Fo r example, the 
back react ion in (2 l ) : 

UO^ + HCOO - U O t + + HCOO" (24) 

could be catalyt ical ly acce le ra ted by iodide (or other oxidizable compoiinds) 
in the following way: 

HCOO + I" - H C O O " + I (or-^i^) (25a) 

I (or i g + UOt - U O t + + r (25b) 

An easi ly reducible inhibitor - s u c h a s H g - also may ac t catalytically on 
the back react ion, by react ing in the r e v e r s e o rde r , f i r s t with the reductant , 
and then with the oxidant: 

UO2 + Hg+^ - U O ^ + Hg+ (26a) 

Hg+ + HCOO — - Hg++ + HCOO" (26b) 

Curves showing the ove r - a l l r a t e as function of [l"] or [Hg''"''"], d e 
rived f rom mechan i sms (2l) , (22), (25) or (2l) , (22), (26), a r e m o r e c o m 
plicated than those based on Eq, (20) (because the catalyt ic back reac t ions 
compete with reac t ion (2l) , which is of second o rde r in r e spec t to [HCOO"]), 
but have the s a m e genera l c h a r a c t e r i s t i c s - ini t ial l inear i ty and ultinnate 
"sa tura t ion ." A choice between these re la t ionships and Eq. (20) could be 
made only on the bas i s of much m o r e p r e c i s e m e a s u r e m e n t s than those of 
Baur and c o - w o r k e r s . 

The dependence of the yield on the concentrat ion [UOf'*'], with i ts 
pecul iar max imum at about 0.16M, offers another in teres t ing p rob lem. The 
initial i n c r e a s e of the yield undoubtedly is due to inc reased light absorpt ion, 
which gradual ly becomes complete . (An additional cause of inc rease may 
be the gradual concentrat ion of the light absorpt ion in a thin layer near the 
en t rance wal l of the ve s se l , which leads to a higher density of p r i m a r y photo-
products - such as free r ad ica l s - and thus i n c r e a s e s the probabil i ty of 
b imolecular r eac t ions of these r ad ica l s re la t ive to the probabil i ty of the i r 
prac t ica l ly mononnolecular "de-act ivat ion." If this factor is innportant, it 
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should be poss ible to produce s imi l a r effects by an inc rease in light inten
si ty; in other words , the quantum yield should be higher in s t ronger light.) 
The decline of the yield at the higher values of [U02"^] is m o r e difficult to 
explain. 

Ouellet in te rpre ted this decline as evidence of "se l f -de-sens i t iza t ion" 
of u rany l ions. The mechan i sm of de-sens i t iza t ion proposed by him is un 
satisfying, but the effect itself is probably r e a l and is para l le led by many 
s imi l a r observa t ions on different s e n s i t i z e r s . An inc rease in the concen t ra 
tion of the l ight-absorbing spec ies beyond a cer ta in l imit very often leads 
to a decline in the yield of the photocheraical react ion. One explanation of 
this effect is d imer iza t ion (or m o r e genera l ly , polymerization) of the a b s o r b 
ing molecules and a m o r e efficient dissipat ion of excitation energy in the 
d imer or polymer (as revealed by the d isappearance of f luorescence) . Some
t imes , however , the decline in the photochemical yield (and the "self-quenching 
of f luorescence) a r e observed at concentrat ions where the absorption spec t rum 
does not r evea l any changes one might expect to find in case of polymerizat ion. 
F o r s t e r (and others) suggested that, in such c a s e s , a very smal l (and t h e r e 
fore spec t roscopica l ly unidentifiable) proport ion of d imer ic or polymeric 
molecules suffices to acce l e ra t e substant ial ly the dissipation of excitation 
energy, because energy exchange between resonating molecules occurs with 
high efficiency, even a c r o s s s e v e r a l molecular l ayers of the solvent. The 
excitation energy consequently pe r fo rms a kind of "Brownian movement" 
through the solution. If, in this migra t ion , the excitation v is i t s a dimeric 
or polymer ic molecule , it is promptly dissipated, and quenching and d e 
activation r e su l t . Other in terpre ta t ions of self-quenching and decline in 
photochemical yield at high concentrat ions of the absorbing spec ies , also 
based on the energy t ransfe r concept, have been suggested by Vavilov and 
by Franck . Vavilov simply postulated a cer ta in probabili ty of energy d i s 
sipation in each t r ans fe r ; F ranck suggested that dissipation occurs when the 
excitation energy v is i t s a "hot" molecule , i .e . , a molecule in which many 
vibrat ions a r e excited. 

It will be noted that only one photochemical react ion - the photoxida
tion of formate to carbon dioxide, with reduction of U(Vl) to U(IV) (Eq. 19) -
was postulated in the sys t em uranyl + formate . No observat ions exist which 
would suggest the s imultaneous o c c u r r e n c e of sensi t ized decomposition (d i s -
mutation) of HCOOH, which would lead to H2 and CO2 (while analogous react ions 
a r e common with the higher al iphatic ac ids) . 

The r e a s o n s can be sought in the difference between the react ions 

HCOOH -H2 + CO2 (27) 
and 

RCOOH - R H + CO2 (28) 
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In the f i r s t ca se , an H-C bond m u s t be broken and an H-H bond formed; in 
the second, a C-C bond is broken (which is about 20 kcal weaker than the 
H-C bond), and a C-H bond is formed (which is only ~ 5 kcal weaker than 
the H-H bond). Consequently, the second react ion r equ i r e s 15 kcal less 
energy than the f i r s t one. As suggested, the two steps in the sensi t ized d i s -
mutation naay be (a) photochemical oxidation of the carboxyl group by excited 
uranyl ions and (b) reduction of the alkyl group by the reduct ion product of 
u ranyl ions, e.g., in the form of UO2": 

RCOOH ( or RCOO" + H+) + UO^+ j^^^^" RCOOH+ 
(or RCOO + H+) + UO^ (27a) 

UO^ + RCOOH+ (or RCOO + H^) -UOj+ + RH + CO2 (27b) 

Because of the above-mentioned higher energy requ i rement , the UO2"'' ion 
may be incapable of react ing in a s imi l a r manner with HCOOH: 

UOj"*" + HCOOH (or HCOO" + H+) 3^^^^- UOj + HCOOH"*" 
(or HCOO + H+) (28a) 

UOj + HCOOH+ (or HCOO + H+) ^UOj"*" + H2 + CO2 (28b) 

Consequently, the only reac t ion actually occurr ing is that resul t ing in the 
reduction of U(Vl) and oxidation of formic acid. 

It could further be suggested that photoxidations general ly r e su l t 
from reac t ions within an (uranyl + acid) complex, while sensi t ized decom
posit ions occur by kinetic encovuiters; the absence of sensi t ized decompos i 
tion in the ca se of formic acid could then be co r re l a t ed with the apparent 
exclusive ro le of complexes as r eac tan t s in this ca se . With other organic 
ac ids , in which photoxidation and sensi t ized dismutat ion both occur , photo-
chenaical reac t ions appear to be brought about both by light absorpt ion in 
uranyl -ac id complexes , and by encounters of excited u rany l ions with acid 
molecules (or their anions). In the reac t ion with ace ta te , the cor re la t ion 
between complex fornaation and photoxidation seems to be that suggested 
above for formic acid (cf. p. 35), but in the react ion with oxalate , it s eems 
to be r e v e r s e d (at l eas t according to the data of P i t z e r , Gordon and Wilcox, 
p . 59), with sens i t ized decomposit ion occurr ing by in te rna l oxidat ion-
reduction in the complex, and uranyl reduct ion to uranous sa l t by r e a c t o r s 
involving free excited u rany l ions . However, the in terpre ta t ion is ve ry 
uncer ta in in both c a s e s , and the ve ry assumpt ion of a co r re l a t ion between 
the type of reac t ion and the absorbing spec ies is a t p r e s e n t only a working 
hypothesis . 

(b) Acetic Acid - In uranyl sa l t - ace t i c acid solut ions, both photoxi -
dation and photocatalytic decarboxylat ion a r e known to occur . The conditions 
governing the re la t ive r a t e s of these two reac t ions a r e not yet well u n d e r 
stood, as the following chronological review of the exper imenta l invest igat ions 
will show. 
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The e a r l i e s t observat ions w e r e concerned with the formation of a 
p rec ip i ta te in il luminated uranyl ace ta te solutions. Bach ( l893, 1894, 1898) 
believed that he had proved that this prec ip i ta te - which consisted of the 
hydroxide of an oxidation s tage lower than U(Vl) (probably U308*2H20) - was 
formed only in ve s se l s through which a s t r e a m of carbon dioxide was con
ducted, and concluded that he had succeeded in achieving a photochemical 
reduction of carbon dioxide, thus imitating the photosynthesis by green 
p lan ts . He then made exper iments in which dimethyl aniline was added to 
the uranyl aceta te solution p r io r to exposure to light and found that only 
when the solution was t r ave r sed by a s t r e a m of carbon dioxide did a blue 
colorat ion appear . He saw in this a proof of the formation of formaldehyde 
by photochemical reduction of carbonic acid. Euler (l904) showed, however, 
that the acce le ra t ion of U3O8 hydra te precipi tat ion in light by carbon dioxide 
was due s imply to the removal of a i r [which re-oxid izes U(lV) to U(Vl)] and 
that the s ame effect could also be obtained by bubbling nitrogen through the 
vesse l . He was unable to confirm Bach ' s observat ions with dimethyl anil ine. 
Bach la ter ( l904, 1906) acknowledged the co r r ec tnes s of E u l e r ' s c r i t i c i sms 
and re t r ac ted his o r ig ina l c l a ims . 

Fay (l896) was the f i rs t to pay attention to gas l iberat ion which o c 
cu r s during the photochemical decomposit ion of uranyl ace ta te . He found 
it to be ve ry slow, acet ic acid occupying an intermediate position between 
propionic acid, which he found to be rapidly decomposed by U02"'̂  in light, 
and formic acid, which he was unable to decompose in this way at al l . (How
ever , we have seen above that HCOOH can be decomposed, \inder favorable 
condit ions, with a quantum yield c lose to 1; we noted the re that F a y ' s o b 
serva t ions can be explained by the fact that the absorpt ion bands of the 
uranyl-formate complex lie at sho r t e r wave lengths than those of the u rany l -
propionate complex. A s imi l a r explanation can be suggested for the i n t e r 
media te behavior of acet ic acid; cf. Table 2.8. Fay could obtain measu rab le 
quantit ies of gas only from a mix tu re of 15 cc glacial acetic acid and 5 cc 
of a "concentrated" uranyl aceta te solution; after six weeks of exposure to 
the sun, 13.4 cc gas were collected, consisting of equal volumes of CO2 and 
CH4. This composit ion indicated sensi t ized decarboxylation (dismutation) 
without s imultaneous oxidat ion-reduct ion [which could be expected to produce 
p r i m a r i l y CH3COO rad ica l s and UOj ions, and, ul t imately, oxidation products 
of acet ic acid, such as C2H6 + CO2, and reduction products of U(Vl), such as 
U(IV) or U3O8]. 

Aloy (1900, 1901) noted that the precipi tat ion [which indicates pa r t i a l 
reduction of U(Vl)] is made much m o r e rapid by the addition, to aqueous 
uranyl ace ta te solution of ether (or aldehyde, or glucose) or by the use of 
90% alcohol as solvent. A voluminous precipi ta te was obtained within a few 
minutes \inder these conditions; after s e v e r a l washings with boiling water , 
it was free of ace ta te and consisted of pure U3O8 hydrate . A react ion that 
is completed so rapidly mus t be a t h e r m a l chain react ion of UOj+ with the 
organic compovind, in which only the init ial step is photochemical . 

file:///inder
file:///inder
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Zehenter (l900) noted that solutions of the double ace ta tes , 
KU02(COOCH3)3 and NaU02,(COOCH3)2, a r e prac t ica l ly photostable, in con
t r a s t to that of s imple uranyl ace ta te , U02(COOCH3)2. 

C. Neuberg (l908) found glyoxalic acid among the products of aceta te 
photolysis sensi t ized by uranyl s a l t s . 

Baur (l908) predicted that photodecomposition of ace ta te by uranyl 
ions should give H2 and CO2 as the nnain products . In a subsequent e x p e r i 
menta l investigation (l918) he could not confirm this predict ion; nei ther 
could he repea t F a y ' s observat ion of the predominant formation of CH4 and 
CO2. Instead, he found CO2 + C2H6 as the main products , together with "a 
li t t le hydrogen." (One hundred cc of a 0.08M solution of uranyl ace ta te , con
taining 2 m o l e s / l i t e r of free acet ic acid, gave, in two days , 84 cc of gas of 
which 54.3 cc proved to be CO2, 24 cc CgH^, 2.4 cc was thought to be H2, and 
1.1 cc O2;.) 

tion: 
Baur formulated the react ion, in his pecul iar e lec t rochemica l no ta -

Trans l a t ed into the language of photochemist ry , the react ion sequence 
(29) implies that the photoxidation of acet ic acid, e.g. , 

UO^+* + CH3COO" - U O ^ + CH3COO - U O ^ + 1/2C2H6 + CO2 

(29a) 

is followed by re-oxida t ion of U(V) by wate r : 

UO^ + H+ ^UO^"*" + 1/2H2 (29b) 
Reaction (29b) could explain the l iberat ion of hydrogen - if it actually 

does take p lace , which is doubtful. The main reac t ion , leading to ethane and 
carbon dioxide, cer ta in ly is not sensi t ized decomposit ion of acet ic acid into 
1/2H2 + I/2C2HJ + CO2 (as Baur a s sumed) , but it^ photochemical oxidation to 
C2H6 and CO2 without the formation of hydrogen but with the reduct ion of an 
equivalent quantity of U(Vl) to U(lV), a s expressed in Eq. (30): 

UOt"*" + 2H'*' + 2CH3COOH l i i i C2H6 + 2CO2 + 2H2O + U-t"* (30) 

Baur and Rebmann (l922) la ter found that Fay had observed cor rec t ly , 
and that methane in fact can be produced by the photodecomposit ion of acet ic 
acid. In other words , in addition to the oxidat ion-reduct ion (30), sensi t ized 
decarboxylat ion: 
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CH,COOH 
UO ++ 

- - CH. + CO, 
l ight 

a l s o o c c u r s in v a r y i n g p r o p o r t i o n . 

(31) 

The r e a c t i o n p r o d u c t s ob t a ined in th i s i nves t i ga t i on w e r e m i x t u r e s 
of CO2, CH4 and C^Hf,; t he p r o p o r t i o n of e thane i n c r e a s e d wi th an i n c r e a s e 
in the c o n c e n t r a t i o n of a c e t a t e r e l a t i v e to t h a t of UO2 (b rough t about by 
the add i t i on of f r e e a c e t i c a c i d , o r of s o d i u m a c e t a t e , to u r a n y l a c e t a t e so lu
tion) . 

H y d r o g e n w a s no t r e g u l a r l y p r e s e n t , a l though " t r a c e s " w e r e s o m e 
t i m e s o b s e r v e d , and i t s p r e v i o u s iden t i f i ca t ion a s r e a c t i o n p r o d u c t by B a u r 
w a s now a t t r i b u t e d to confus ion wi th c a r b o n m o n o x i d e . 

T y p i c a l c o m p o s i t i o n s of r e a c t i o n g a s e s a r e g iven in T a b l e 4 .6 . 

T a b l e 4 .6 

P R O D U C T S O F U R A N Y L - S E N S I T I Z E D P H O T O C H E M I C A L 

DECOMPOSITION O F A C E T I C ACID 
( A F T E R BAUR AND R E B M A N N , 1922) 

U(Vl) a c e t a t e , % 

6.8 
4 .6 
2.3 

F r e e 
A c e t i c 

Ac id , % 

12 
40 
54 

P r o d u c t s , % 

CO2 

18.6 
56.3 
42 .0 

O2 

0.9 
0 
0.5 

CH4 

43 .8 
43 .9 
43 .4 

Nz 

12.0 
ova) 
4.6(b) 

(a)After 13 d a y s 

(b^After 20 days 

B 

U(Vl) a c e t a t e , 

% 

1.6 
1.6 
7.4 

Na a c e t a t e , 

% 

1.4 
2 
1,6 

A c e t i c 
Acid 

% 

0 
10 
37,7 

P r o d u c t s , % 

CO2 

40.1 
45 .4 
27.0 

O2 

0.4 
1.8 
1.6 

ACH4 N2 
1 

43 .5 
10.9 
47.0 

14.0 
2,7 

11,4 

CO 

0 
3,6 
0 

C2H6 

1.9 
27.4(a) 

5.0(b) 

(^)After 2 days 

(b) Af te r 6 d a y s 
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Addition of Cl~ or Hg"*" was found by Baur and Rebmann to inhibit the r e 
action; addition of FeS04 or HCOOH was found to prevent it completely (in 
the second case , without decomposit ion of formic acid!). This "negative 
ca ta lys i s" can occur by any of the four " s ta t i c" or "kinet ic" mechan i sms 
suggested on p. 28 for a s imi la r inhibition in the sys t em uranyl sa l t + formic 
acid, such as d isp lacement of ace ta te from the complex with uranyl , d e 
flection of the oxidative action of activated UO2"'" ions to the inhibitor (the 
photoxidation of which is la ter r e v e r s e d in the dark) , e.g., 

U O r + Fe++ ^ ^ UO2'" + Fe+.3; (32) 
dark 

or catalytic acce le ra t ion of back reac t ions , which prevents the stabil izat ion 
of the p r i m a r y oxidation products of acet ic acid: 

UO "̂*"* + CH3COOH - U O j + CH3COOH"'' ( P r i m a r y forward 
react ion) (33 a) 

r+CH3COOH—-C2H6 + 2CO2 + 2H+ (Secondary forward 
CH3COOH+ \ reaction) (33b) 

UFe"*"+—.-CH3COOH + Fe-'-3] (33 c) 
r (Catalytic back r e -

F e + H U 0 2 — - F e • ' " ' " + UO^"!" J action) (33d) 

Substitution of (33b) for (33a), followed by (33c), leads to complete r e s t o r a 
tion of the or iginal composit ion. 

In some exper imen t s , Baur and Rebmann also found sma l l amounts 
of carbon monoxide, which they at t r ibuted to internnediate formation of 
glyoxalic acid, suggested ea r l i e r by Neuberg and Bacon: 

CH3COOH t?T" OCH-COOH " ^ ^ . CO + CO2 (34) 
^ -2H '• 

Aloy and Rodier (l922) again studied the photoxidation of ace ta te in 
the p r e s e n c e of e ther . The precipi ta ted product was found to be U3O8 (aq.). 
It dissolved in acet ic acid, giving a mix tu re of U(Vl) and U(lV) ace t a t e s . 

Aloy and Valdiguie ( l923, 1925) extended the study of the reac t ion 
as it occurs in the p r e s e n c e of organic addit ions, by the observa t ion of so lu
tions in which glucose and methylene blue w e r e added to uranyl ace ta te . 
They noted that u ranyl aceta te had no effect on glucose or methylene blue 
in the dark, even at elevated t e m p e r a t u r e s , but that it rapidly catalyzed, in 
light and in the absence of a i r , the oxidation of glucose by methylene blue. 
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Phenols , although easily oxidizable, did not r eac t with uranyl aceta te 
and methylene blue in light; admixture of phenol also prevented the oxida
tion of glucose, Hydroquinone, too, acted as a "pro tec tor , " 

As in the c a s e of inorganic ions, protecting substances can be con
ceived ei ther as substituting for ace ta te in the role of oxidation subs t r a t e s , 
or as acting as ca ta lys t s in the back reac t ion between the p r i m a r y oxidation 
and reduction p roduc t s . 

La te r , Aloy and Valdigui^ (l925) found that decoloration of methylene 
blue by light in the p re sence of uranyl aceta te also occurs if aldehydes and 
unsaturated hydrocarbons (ethylene, amylene, acetylene and cer ta in cyclic 
compounds) a r e provided as reductants instead of glucose. 

Most of these exper iments can be repeated with uranyl sulfate ( in
stead of ace ta te) ; we will therefore r e t u r n to them in Sec, 4. It is not c lear 
f rom the descr ip t ion whether in these experinaents the possibi l i ty of a d i rec t 
photochemical action on methylene blue was el iminated. (This could have 
been done by showing that no decolorat ion occurs in the absence of uranyl 
sal ts . ) 

Courtois (1923) descr ibed some new observat ions on the decomposi 
tion of s to ich iomet r ic uranyl ace ta te solutions in light. A yellow precip i ta te 
was formed after s eve ra l days ' exposure to diffuse i l lumination; the p r e 
cipi tate was identified as bas ic U(Vl) ace ta te . In d i rec t sunlight, on the 
other hand, a violet p rec ip i ta te of U(VI, IV) hydroxide was obtained in the 
p r e s e n c e of ether and a i r . Without a i r , the decomposition is slowed down; 
the solution becomes opaque, but no prec ip i ta te a p p e a r s . Without e ther , 
but in the p r e sence of a i r , the violet p rec ip i ta te is formed ra ther rapidly 
if the solution is concentra ted . The sluggish gas evolution produces carbon 
dioxide and methane . 

The quest ion of whether the u rany l acetate react ion occurs by light 
absorpt ion in a complex or by encounter of excited uranyl with aceta te m o l e 
cules or ions was f i r s t r a i sed by the spectroscopic observat ions of Henri 
and Landau (l914). Their r e su l t s - indicating the exis tence of a complex -
w e r e given in Table 2.6; Table 2.8 showed those of a somewhat m o r e ex 
tensive study of Ghosh and Mit ter (l928), while F igs . 2,8D and 2,8E i l lus t ra ted 
the m o r e r ecen t and p r e c i s e spec t roscopic determinat ions of the complexing 
constants by Ahrland ( l 9 5 l ) . The la t ter lead to a value of 240 (moles/ l i ter)"* 
for the f i r s t associa t ion constant of UO "̂*" and CH3COO", 2.3 x 10* (moles / l i te r )"^ 
for the second one, and 2.2 x 10^ (moles / l i te r )"^ for the third one (20°C, ionic 
s t rength 1.0). 

Since photosensi t ized decarboxylat ion, according to Baur and Rebnnann, 
i n c r e a s e s with decreas ing ra t io [aceta te] / [uranyl] , a possible working hy
pothesis is that photoxidation [e.g., reac t ion (30)] occurs when light is absorbed 
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by uranyl ace ta te complexes , and sens i t ized decarboxylat ion [react ion (3l)] 
when light is absorbed by free uranyl ions (which then r eac t by encounters 
with acet ic acid molecules ) . This a g r e e s with the conclusion (cf. preceding 
section) that in the reac t ion with formic acid, where only complexes s e e m 
to Teact , oxidat ion-reduct ion is the only observed reac t ion (cf., however, 
the apparent ly different re la t ionship in the case of oxala te , p, 37), A quan
t i tat ive tes t of the hypothesis that photoxidation re su l t s f rom light absorpt ion 
by complexes has been made poss ible by Ahrland 's de terminat ions of the 
complexing constants , but has not yet been at tempted. The re la t ive role of 
the binary and the higher complexes a lso could be evaluated from Ahrland 's 
data; the photochemical impor tance of the higher complexes may be out of 
proport ion with their re la t ive concentrat ion, if the light used is absorbed by 
them much m o r e s t rongly than by the free ions or s imple r conaplexes. 

(c) Higher Monobasic Acids - Only incidental observat ions a r e a v a i l 
able on the reac t ion of U02 "̂'" in light with propionic, bu tyr ic , and va ler ic acid. 

P r ince L. L. Bonapar te ( l842, 1843) noted that a solution of uranyl 
va le ra te , exposed to sunlight in a closed bottle, decomposes into violet u r a 
nium oxide or U(lV) va le ra t e , and gaseous oxidation products of va le r ic acid. 

Wisbar ( l89l) exposed to sunlight a solution of butyric acid, C3H7COOH, 
to which U 0 2 ( N 0 3 ) 2 had been added, and observed a decomposi t ion accompanied 
by l iberation of gas . Analysis of the la t ter showed 32% C02. The r ema inde r , 
made oxygen-free by phosphorus , contained 5% N2 (obviously, a i r was not 
effectively excluded). The other 93% was a combustible gas ; its combustion 
gave a three-fold volume of CO2, indicating that it was propane . The decom
position thus probably occur red according to the equation: 

CaHv'COOH ^ ^ ^ . C3H8 + CO2 (3 5) 

The fact that some CO2 was "naissing" (32% instead of 50%) was at t r ibuted 
by Wisbar to losses of this gas by dissolution in wa te r . 

Fay (l896) investigated butyr ic as well as isobutyric acid and found 
both to decompose readi ly in sunlight in the p r e sence of uranyl n i t r a t e . Gas 
analys is confirmed the observat ions made by Wisbar with n-butyr ic acid. 
The l iberated gas contained 50% CO2 and 50% of a hydrocarbon, the c o m 
bustion of which gave the volume change expected for C3H8. A v i scous , green 
liquid or a l igh t -green prec ip i ta te was formed. 

Similar exper iments with propionic acid gave about 50% CO2 and 
approximately 50% of a hydrocarbon (for confirmation see Bacon, 1907), 
The combustion of the lat ter gave a vol\ame change corresponding to • 
n = 2.38 in CnH2n+2 " possibly C^tif,. 
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Butyr ic , propionic and iso butyric acid decomposed at approximately 

the s ame r a t e . (As mentioned before, the cause of differences in the r a t e 
of photochemical deconnposition of mix tu res of UO2 with different aliphatic 
ac ids , noted by e a r l i e r o b s e r v e r s , probably lies in the different intensity of 
light absorpt ion in the vis ible and near ul t raviole t by the complexes formed 
by these acids with uranyl ions.) 

Courtois (1914, 1923) found dilute uranyl propionate and butyrate 
solutions to be "very s tab le" in da rknes s and in diffuse light. In sunlight, 
both solutions decomposed in the s ame way, in the p resence as well as in 
the absence of a i r . A violet U3O8 hydra te was precipi ta ted during the f i rs t 
day, without apprec iab le gas evolution; on the second day, gas evolution began. 
The gas proved to be CO2 + C^^Hz^, with combustion exper iments giving 
n = 1.84 for propionate (C2H6?). In the case of butyra te , Courtois found a 
"mixture of hydroca rbons . " 

In sa tura ted propionate solution, the reduction of uranyl to U3O8 is 
complete after a month of exposure to sunlight; it is acce lera ted by the 
p r e s e n c e of e ther , even in dilute uranyl sa l t solution. In methanol solution, 
the precipi ta t ion is rapid, giving violet U308*2H20. 

Isobutyra te , va l e ra t e and i sova le ra te behave s imi la r ly ; the decom
posit ion becomes m o r e rapid with increas ing molecular weight of the acid. 

2.2 Dibasic Aliphatic Acids - The acids studied were oxalic acid 
and its higher homologues - malonic acid, succinic acid and pyro ta r t a r i c 
acid. By far the m o s t extensive work was c a r r i e d out with oxalic acid. 

(a) Oxalic Acid - Ebelmen (l842) noted that a hydrated uran ium 
oxide can be p r epa red by decomposi t ion of a uranyl oxalate solution in light. 
The c lea r solution became turbid when exposed to light; a brownish-violet 
p rec ip i ta te , which Ebelmen identified as a U3O8 hydrate (cf. Katz and 
Rabinowitch, 1951, Chap, l l ) , was formed, while a mix tu re of carbon m o n 
oxide and carbon dioxide escaped into the a tmosphere . Niepce de Saint 
Victor and C o r v i s a r t (1860) repor ted that a solution containing 1% uranyl 
n i t ra te and 4% oxalic acid could be boiled for 40 hr in the dark without v i s i 
ble react ion, but evolved a combust ible gas immediately upon exposure to 
light, even at 0°C. Simi lar r e su l t s w e r e obtained when U(Vl) oxide was used 
instead of n i t r a t e . Seekamp (l862), too, found that a solution containing 
5% oxalic acid and 1% uranyl n i t r a t e evolved gas bubbles in light; the so lu
tion became green and then discharged a g reen precipi ta te of uranous oxalate, 
U(C204)2. The to t a lgas produced consis ted of 43% carbon monoxide and 
57% carbon dioxide, but the rat io of the two components changed with the 
p r o g r e s s of the reac t ion . The res idua l solution was c o l o r l e s s , acid, and 
contained no oxalate ions ; the products of its dist i l lat ion with sulfuric acid 
indicated the p r e s e n c e of formic acid. (At f i rs t , in 1862, Seekamp thought 
that formic acid was a secondary product , due to a photochemical react ion 
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between carbon monoxide and water ; la te r , in 1865, he suggested d i rec t 
formation of formic acid by de-carboxylat ion of oxalic acid, 
HOOC-COOH -CO2 + HCOOH, which is much m o r e plausible.) 

Bolton (I866) observed that u rany l -po tas s ium fluoride solutions r e 
act with oxalic acid in light, giving a mix ture of a b rownish- red with a 
g reen prec ip i ta te (the f i r s t one probably was identical with Ebe lmen ' s u r a 
nium hydroxide, the second one with Seekamp 's uranous oxalate) . 

Fay (l896) f i r s t descr ibed the work done by H. C. Jones , confirming 
the formation of carbon dioxide, carbon monoxide and formic acid by photo
chemica l decomposi t ion of uranyl oxala te . Jones var ied the concentrat ions 
of u rany l oxalate and of free oxalic acid and found that one nnolecule of 
carbon dioxide was always formed when one molecule of oxalic acid was d e -
connposed (ACO2 =-AC2H204),but that the re la t ive quanti t ies of carbon monoxide 
and formic acid, ACO and Z^HCOOH, depended on the specific conditions of the 
exper iment , and that the s u m ( A C O + A C O O H ) usually was slightly sma l l e r 
than ACO2. These observat ions a r e consis tent with the assumpt ion that the 
main reac t ion was the sens i t ized decomposit ion of oxalic acid, ei ther by the 
react ion: 

COOH-COOH }^Q^\'' CO2 + CO + H2O (36) 

o r by the reac t ion 

COOH-COOH /^^++> CO2 + HCOOH (37) 
UO 2 

[Reaction (37) could be the f i r s t s tep of react ion (36),] The observed sl ight 
excess of CO2 conceivably could be due to a third sensi t ized reac t ion : 

COOH-COOH ^^V 2CO2 + H2 , (38) 

but the above-mentioned formation of uranous oxalate and of U3O8 hydra te 
(which was also noted by Jones) makes it nnuch m o r e likely that the excess 
carbon dioxide originated in photochemical oxidation of oxalic acid by uranyl 
ions: 

COOH-COOH + UOj"!" + 2H"'" ^^^^V 2CO2 + U"*"* + 2H2O (39) 

By gradual ly depleting the photocatalyst , react ion (39) l imits the amount of 
oxalic acid that can be decomposed photocatalytically by a given amount of 
u ranyl ions. 



3^9 
The composit ion of the prec ip i ta te was found by Jones to depend on 

the rat io x = [oxalic ac id] / [uranyl ] . When this rat io was high, the precipi ta te 
consis ted of a mix tu re of green c ry s t a l s with an annorphous green m a s s ; 
when it was lower, the prec ip i ta te consis ted mainly of the green m a s s , which 
gradually became purpl i sh-brown. The lat ter product was obtained also by 
photodecomposit ion of a uranyl oxalate solution without added oxalic acid. 

Continuing Jones ' work. Fay t r ied to separa te the two components of 
the p rec ip i ta te . F i r s t he isolated the g reen i sh crys ta l l ine precipi ta te and 
found it to be uranous oxalate hexahydrate , U(C204)2'6H20 (thus confirming 
Seekamp's observa t ions) . Then he p repa red the purpl ish-brown, amorphous 
product by photochemical decomposit ion of uranyl oxalate without added 
oxalic acid. No gas evolution was observed in this experiment . (Perhaps 
carbon dioxide was tied up, under these conditions, by the formation of 
U(lV) carbona te , which can effectively compete with the formation of oxalate 
when no excess oxalate ions a r e present . ) Upon drying, the product became 
yellow; in this s ta te , it contained from 1 to 1.5% carbon. Fay therefore con
s idered the purp l i sh-brown prec ip i ta te as the sa l t of an organic acid, r a ther 
than as a hydroxide (as suggested by Ebelmen) . Ebe lmen ' s analysis was , 
however, confirmed by Aloy and Rodier (l920) and Courtois (l923). The 
la t te r found that the purp l i sh-brown U3O8 hydrate , precipi ta ted by light from 
uranyl oxalate solution, is t r ans formed, by washing with cold water , into 
yellow U03'2H20. This oxidation can a l ready occur during the photochemical 
reac t ion before the sedimentat ion of the prec ip i ta te . 

Obviously, when U(lV) ions a r e formed by reduction of UO2 ions in 
a solution that contains hydroxyl and oxalate anions, and in which carbon 
dioxide and formic acid a r e produced at the s ame t ime, a connpetition mus t 
ensue between hydrolysis [ i .e . , assoc ia t ion of U(lV) cations with hydroxyl 
ions, and subsequent precipi ta t ion of a hydroxide] and the complexing of the 
s a m e cations with oxala te , carbonate or formate anions, and ensuing p r e 
cipitation of bas ic or neu t ra l U(lV) sa l t s by react ions (40a) and (40b). 

U(IV) + HOOC-COOH .-U(IV) oxalate "1 (40a) 
r (green precipi tate) 

U(IV) + CO2 + H2O ^U(IV) carbonate J (40b) 

The composit ion of the prec ip i ta te actually formed mus t therefore depend 
on the pH of the solution and on the re la t ive concentrat ions of oxalate, c a r 
bonate and formate ions at the t ime of precipi tat ion. 

An addit ional complication a r i s e s from the possibi l i ty of p r ec ip i t a 
tion of U(Vl) together with U(lV), e.g., in the form of a U3O8 hydrate . F o r 
mal ly , this precipi ta t ion can be in te rpre ted as resul t ing from the capacity 
of U(Vl) der ived anions, such as [UO^^ (OH")4] - to enter into competition 
with other anions for the U(lV) ca t ions , e.g., 

U"*"* + 2H4U06"" »-U(H4U06)2(=U308-4H20) (brown-violet precipitate) 
(41) 
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Another poss ib le mechan i sm of U3O8 precipi ta t ion is via the UOj"*" ions 

that had been hydrolyzed according to the Eq. (42a): 

2UO^+ + H20^;;=±=(U02-0-U02)''""'" + 2H+ (=U20^"'" + 2H"'") (42a) 

U20t+ + U"*"* + 60H" .-U308-3H20 (42b) 

Fay checked whether formic acid can be formed from water and c a r 
bon monoxide in light in the p r e sence of U02 '̂̂  ions and obtained negative 
r e s u l t s , confirming Seekamp's second in terpre ta t ion (cf. above, p . 37). 
The formic acid produced by photochemical react ion of uranyl and oxalate 
mus t thus be a d i rec t deconaposition product of oxalic acid. 

Bacon ( l907, 1910) also m e a s u r e d the r a t e of decomposit ion of oxalic 
acid (in STinlight) in re la t ion to the concentra t ions [UO^"^] and [H2C2O4]. He 
found a "sa tura t ion" in r e spec t to [UO2"'''] (probably due to complete a b s o r p 
tion of the light used) at 0.2 g uranyl ace ta te in 100 cc , in the p r e s e n c e of 
0.5 g oxalic acid. Saturation with r e spec t to H2C2O4 occur red between 0,3 g 
and 1,0 g oxalic acid in 100 cc , in the p r e s e n c e of 0.1 g UO2""'" (i.e.,>lX)mole 
oxalate per mole uranyl ; see below). Addition of acid or alkali had no effect 
on the r a t e as long as the solution remained acid. Uranyl n i t ra te gave the 
s ame resu l t s as uranyl ace ta te , and ammonium oxalate the s ame as free 
oxalic acid. Phenol, anil ine, malachi te green , methyl violet and f luorescein 
were found to ac t as inhibi tors . T e m p e r a t u r e changes (30-100°C) had no 
influence. Only ve ry little formic acid was found by Bacon among the p r o d 
ucts of decomposit ion. 

These ear ly exper iments have c lea r ly es tabl ished the complex c h a r 
ac te r of the photochemical reac t ion of uranyl ions with oxalate . This r e 
act ion obviously includes: 

(1) Photochemical oxidation of oxalic acid by uranyl [ react ion (35)], 
followed by var ious associa t ion and precipi ta t ion reac t ions of U(lV), such 
as (40a), (40b) or (4 l ) ; 

(2) Uranyl - sens i t i zed decomposit ion of oxalic acid (dismutation, 
decarboxylat ion), descr ibed by Eqs . (36) and (37), and probably a l so : 

(3) Sensit ized autoxidation, in consequence of re-oxidat ion of U(lV) 
in a i r : 

U(Vl) + HOOC-COOH ^^^^V U(IV) + 2CO2 + 2H"'" """^^Qz^ u(Vl) 
+2CO2 + H2O (43) 

Subsequent inves t iga tors have at tempted to es tabl ish the mechan i sm 
of the var ious reac t ions and the conditions under which the one or the other 
p redomina tes , but the p ic ture is s t i l l far from comple te . 
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Bruner and Kozak ( l 9 l l ) we re in teres ted in photocatalytic react ions . 
They took it for granted that photocatalytic autoxidations caused by uranyl 
sa l t s a r e due to react ion sequences of type (43); but found it m o r e difficult 
to explain photocatalytic decomposit ions (decarboxylations) of type (36) and 
(37), which appear to involve no internnediate reduction of uranyl to uranous 
ions. In the hope of clarifying the mechan i sm of the reac t ions , they studied 
the kinetics of the formation of fornaic acid in u ranyl - sens i t i zed photode
composit ion of oxalic acid, i .e . , reac t ion (37). 

Bruner and Kozak found that in a solution containing 0.5 g oxalic acid 
and 0.1 g uranyl n i t r a t e in 20 cc , as much as 26-29% of decomposed oxalate 
was converted to fornaic acid. When the concentrat ion of uranyl n i t ra te was 
r a i s ed from 0,03 to 0,4 g, the propor t ion of formic acid increased . Inc rease 
of oxalate concentra t ion, up to [H2C2O4] = 0.2 g in 20 cc, caused an inc rease 
in the total r a t e of decomposi t ion; from the re on (in agreement with the 
ea r l i e r findings of Bacon) the reac t ion appeared "sa tura ted" with oxalic 
acid (cf. below), A "sa tura t ion cu rve" was also obtained with varying 
[UO2 ] (again confirming Bacon 's findings); the ra te reached its limiting 
level a t about 0,5 g uranyl n i t ra te in 20 cc, corresponding to about 0.07 M, 
much higher than was found by Bacon, However, if sa tura t ion is due to total 
light absorpt ion, the level at which it occurs will depend on the thickness of 
the absorbing layer and the spec t r a l conmposition of the light used. As in 
Bacon's expe r imen t s , t empera tu re changes (4-80°C) had no noticeable effect 
on the decomposit ion r a t e . 

Bruner and Kozak's exper iments on the effect of wavelength and light 
intensity were too pr imi t ive for valid conclusions. 

In con t ras t to Bruner and Kozak, Boll (l913) could find no formic 
acid at a l l in the products of u rany l - sens i t i zed photodecomposition of oxalic 
acid [10" ' M U 0 2 ( N 0 3 ) 2 + 10" ' M H2C2O4]; the conductivity of the solution after 
the react ion was negligible. He made the f i rs t a t tempt to de te rmine the quan
tum yield^ of the u rany l - sens i t i zed oxalate decomposition and found very high 
va lues , > 500, He concluded that this react ion does not obey Eins te in ' s law 
of photochemical equivalency, but is a "cata lyt ic" react ion in which light acts 
as a catalyst . These r e su l t s were not confirmed by subsequent invest igators , 

Mathews and Dewey (l913) gave t ime curves of the photodecomposi
tion of oxalic acid in the p re sence of varying amounts of uranyl n i t ra te . 
They noted that substi tut ion of sulfate or ace ta te for n i t ra te left the resu l t s 
unchanged. 

Henri and Landau (l914) compared the absorpt ion spec t ra of uranyl 
n i t ra te , sulfate, chlor ide , and oxalate solut ions, with and without the addition 
of oxalic acid. The r e su l t s (cf. Table 2.6) indicated the formation of u r any l -
oxalate complexes with enhanced absorpt ion. Complexing appeared to be 
s t rong, but not quite complete , in s to ichiometr ic uranyl oxalate solution. 
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After this conclusion had been reached , much of the study of the mechan i sm 
of the u rany l -oxa la te react ion was d i rec ted toward the understanding of the 
ro les played in this react ion by var ious complex and non-complex nnolecular 
and ionic spec ies . Unfortunately, no study of the uranyl oxalate sy s t em by 
spec t rographic or potent iometr ic methods has yet been c a r r i e d out that would 
take into considera t ion incomplete acid dissociat ion, uranyl ion hydrolys is , 
ionic s t rength effects, and the possibi l i ty of formation of higher complexes -
in the s a m e way as this was done by Ahrland for the uranyl ace ta te , th iocya-
nate, formate and sulfate sy s t ems (Chap. 2). As a resu l t , in terpre ta t ion of 
the kinetics of the mos t important photochemical react ion of the uranyl ion 
s t i l l has to be based on inadequate spec t roscopic s tudies of Henr i and Landau, 
(1914) and of Ghosh and Mit ter (l928) (cf Chap, 2). 

Baur (1919) began his s tudies of the uranyl oxalate react ion by d i s 
cussing it f rom the point of view of his concept of "photolysis as molecular 
e l ec t ro lys i s " (cf, p . 7). By analogy with macroscop ic e lec t ro lys i s of oxalic 
acid, which produces glyoxylic acid ( C H O - C O O H ) , and also glycolic acid a t 
the cathode, he proposed the reac t ion s cheme : 

r+ CHO-COOH - C O + CO2 -I- 2H+ ") (44a) 
[ u ( v i ) ] t t ^ +U(VI) 

1+ COOH-COOH -CHO-COOH + H2O + 2H+J (44b) 

in which glyoxylic acid appears as an internnediate product (produced by 
"cathodic depolar iza t ion" and consumed by "anodic depo la r iza t ion ' ) , 

Baur and Rebmann (l922) then undertook an exper imenta l study. They 
asked whether the glyoxylic acid - which, according to scheme (44a, b), should 
occur as in te rmedia te - could be made to accumulate by replacing it in the 
upper half of the p r o c e s s by another reductant ("anodic depo la r i ze r " ) , such 
as KI, FeS04, HCOOH, or hydroquinone; however, efforts to prove the a c 
cumulation of glyoxylic acid in the p r e s e n c e of these reductants had no s u c 
c e s s . In this study, the effect of ce r ta in additions on the r a t e and cha rac t e r 
of decomposit ion was noted. Fo r example , addition of 10 cc sa tura ted 
HgCl2 solution (to a mix ture of 25 cc 0.5N oxalic acid + 5,5 cc sa tura ted 
UO2SO4 solution + 10 cc 0,5N H2SO4 + 150 cc H2O) increased the proport ion 
of ca rbon dioxide in the gaseous products f rom 35-40 to 50-55%, decreas ing 
correspondingly the proport ion of carbon nnonoxide, Calonnel was formed. 
This observat ion was explained by the reac t ion s cheme : 

C+ C2O4"" ^ 2 C 0 2 
[U(Vl)]t l ) S-+U(VI) (45) 

(+ 2HgCl2 -.Hg2Cl2 + 2 C r 

with HgCl2 acting as "cathodic depo la r i ze r . " As usual , B a u r ' s " p o l a r i z a 
tion" and "depolar izat ion" reac t ions can be rep laced by reduct ion and r e -
oxidation of the s ens i t i z e r , e.g., 



U(VI) + C2O4"" 3tMht^ 2CO2 + U(IV) (46) 

U(IV) + 2HgCl2 —^U(VI) + Hg2Cl2 + 2C1~ (47) 

The effect of po tass ium iodide was foTxnd to be s imi la r to that of 
ca lomel , but somewhat weaker (the propor t ion of CO2 was increased only 
sl ightly, from 40 to 46%); some iodine was fornned. Since iodide is a r e 
ductant, it was postulated that it ac t s a s "anodic depo la r ize r" in competition 
with oxalate: 

( + 2 1 - — I 2 ) 
[ U ( V l ) ] t t ] V+U(VI) (48) 

{+ u(vi)—^u(iv) 3 

f+ C2O4"" ^ 2 C 0 2 
[U(VI)]!! ) }-+U(Vl) (49) 

i+ I2 ^ 2 1 " 

This connbination of "polarizing" and "depolarizing" reac t ions is equivalent 
to a p r i m a r y photoxidation of I " to I2 by excited uranyl ions, followed by a 
u rany l - sens i t i zed oxidation of 020,^ to CO2 by iodine. 

Addition of fe r rous sulfate (2.5 g FeS04 in 40 cc, containing some Fe"*"') 
s t rongly increased the fornnation of carbon dioxide in light (from 51 to 72%); 
the solution became green in consequence of U(lV) formation. The total yield 
of decomposit ion inc reased . These effects could be explained in the sanne 
way as those of iodide, with Fe"*"̂  and Fe+ ' substituting for I" and I2, r e s p e c 
tively, in Eqs . (48) and (49) (or in equivalent equations not using B a u r ' s 
"e lec t rochemical" notation). Sodium sulfi te, despite its reducing p rope r t i e s , 

had no effect. 

Addition of formic acid led to s imultaneous decomposit ion of both 
H2C2O4 and HCOOH. 

Organic reduc tan ts , such as pyrogallol (7.3 g) or hydroquinone ( l9 g 
in 50 cc wa te r ) , added to 100 cc solution containing 5 g sodium uranate and 
5 g oxalate , produced effects s imi l a r to those of iodide or fe r rous sulfate. 

In a neu t r a l solution of sodium diuranate (Na2U207) and uranyl oxalate, 
light a lso caused the production of carbon dioxide; the la t ter was formed in 
excess of the amount corresponding to catalytic decomposit ion into HCOOH 
and CO2, indicating some photoxidation. 

In another paper , Baur (l922) descr ibed the r e su l t s of exper iments 
nnade in his labora tory by Haggenmacher , in which the yield of formic acid 
was determined by dist i l la t ion instead of by oxidation with HgCl2 in the r e 
action mix tu re (the method used by Bruner and Kozak), because in the lat ter 
p rocedure U(lV) also can be oxidized, making the r e su l t s unrel iable whenever 
photoxidation accompanies catalytic decomposit ion. 
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^ f 
T h e f o r m a t i o n of f o r m i c a c i d w a s q u a l i t a t i v e l y c o n f i r m e d , bu t only 

s m a l l q u a n t i t i e s of t h i s a c i d w e r e found. T h e a m o u n t of CO2 fornned w a s 
s o m e w h a t h i g h e r than t h a t of CO; t h e e x c e s s d e c r e a s e d w i t h t h e d e c r e a s i n g 
r a t i o X = [H2C204]/[U02S04] ( T a b l e 4 .7 ) . T h i s could be due e i t h e r to f o r m i c 
ac id f o r m a t i o n (Eq . 37) o r o x i d a t i o n - r e d u c t i o n (Eq. 39) ; for an a r g u m e n t in 
f avor of t h e f i r s t e x p l a n a t i o n s e e b e l o w . 

T a b l e 4 .7 

ACO2/ACO RATIO IN T H E D E C O M P O S I T I O N P R O D U C T S O F 
OXALIC ACID (BAUR, 1922) 

0 .5M 
H2C2O4, 

cc 

8.5 
8.5 
8.5 
8.5 

0 .77M 
UO2SO4, 

cc 

2 
4 .2 

11.0 
18.0 

ACO2/ACO 

1.20 
1.23 
1.05 
1.03 

A new i n v e s t i g a t i o n of the u r a n y l - o x a l a t e r e a c t i o n in l ight w a s c a r 
r i e d ou t in B a u r ' s l a b o r a t o r y by Bi ichi ( l 9 2 4 ) . His a i m w a s to d e c i d e w h e t h 
e r t h e d e c o m p o s i t i o n t a k e s p l a c e by e n c o u n t e r s b e t w e e n f r e e , exc i t ed 
UO2"''" ions and ( C 0 0 H ) 2 nno lecu les (or o x a l a t e i ons ) , o r by i n t e r n a l r e a r r a n g e 
m e n t in a c o m p l e x of t h e two r e a c t a n t s . In favor of c o m p l e x f o r m a t i o n , Bi ichi 
quo ted the c r y o s c o p i c o b s e r v a t i o n s of D i t t r i c h , who found t h a t UO2SO4 is 
l e s s s t r o n g l y d i s s o c i a t e d into ions t h a n UO2CI2 o r U 0 2 ( N 0 3 ) 2 ) t he fac t t h a t 
t he conduc t iv i t y of u r a n y l o x a l a t e s o l u t i o n s is m u c h l o w e r t h a n t h a t of u r a n y l 
s u l f a t e s o l u t i o n s , and H e n r i and L a n d a u ' s s p e c t r o s c o p i c o b s e r v a t i o n s . 

He c o n s i d e r e d t h e l a t t e r a s p r o v i n g the e x i s t e n c e of a 1:1 c o m p l e x , 
UO2C2O4, in s o l u t i o n . T h e e n h a n c e d so lub i l i t y of UO2C2O4 in the p r e s e n c e 
of oxa l i c ac id c a n be c o n s i d e r e d a s ind ica t ing the f o r m a t i o n of c o m p l e x e s 
w i t h m o r e t han one o x a l a t e ion (or o x a l i c ac id m o l e c u l e ) p e r u r a n y l ion. 

In B i i ch i ' s e x p e r i m e n t s , m i x t u r e s con t a in ing O.O6 M UO2 s a l t and 
f r o m 0.0004 to 0.13 M H2C2O4 w e r e illvmninated in a 2.7 c m d e e p v e s s e l by 
a 1500 w i n c a n d e s c e n t l a m p . Wi th 0 .03 M H2C2O4, t h e r a t e of deconnpos i t ion 
r e m a i n e d c o n s t a n t u n t i l 3 5 % of the o x a l a t e w a s u s e d u p . E x c l u s i o n of a i r 
had no i n f l u e n c e . Doubling of a l l c o n c e n t r a t i o n s i n c r e a s e d the r a t e by on ly 
1 5 % . 

Change in o x a l a t e c o n c e n t r a t i o n (at c o n s t a n t [UO2 1) had a s t r o n g 
effect on t h e o v e r - a l l r a t e (cf. T a b l e 4 .8 ) . 
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Table 4.8 

E F F E C T OF OXALATE CONCENTRATION ON RATE OF 
URANYL OXALATE DECOMPOSITION IN LIGHT 

(AFTER BUCHI, 1924) 

[Uranyl] = 0.06 M 

X = [Oxalate] /[Uranyl] 

8 
0,25 

A [Oxalate]/At, m / h r 

0.086 
0.022 

The "saturat ion" of the react ion with oxalic acid occur red under these con
ditions in the neighborhood of x = [oxalate] /[uranyl] = 1 (Table 4.9). This 
is a r e su l t which Biichi cons idered as indicating the formation of a s table 
complex of one u rany l ion and one oxalate ion. 

Table 4.9 

E F F E C T OF AVERAGE O X A L A T E / U R A N Y L RATIO (5E) ON RATE 
OF URANYL SENSITIZED OXALATE DECOMPOSITION 

(AFTER B D C H I , 1924) 

X 

re la t ive 
yield 

7.2 

1.05 

2.0 

1.00 

1.43 

0.97 

0,84 

0.83 

0.43 

0.48 

0.27 

0.27 

The yield of U(lV) was <1 % of that of decomposed oxalic acid, ex- = 
cept in the p r e sence of much excess acid (H2C204 or H2SO4), where it reached 
2 - 3 % . Addition of formic acid did not i nc rease the U(lV) formation, indicat 
ing that U(lV) does not a r i s e through secondary oxidation of formate . 

Effect of addi t ions: 0.6 M H2SO4 (6H2SO4 to IH2C2O4) decreased the 
decomposit ion r a t e by 34%, a r e s u l t which was at t r ibuted by Biichi to the 
d i sp lacement of oxalate fronn its connplex with the uranyl ion by the sulfate. 

The effect of hydrochlor ic acid (O.O6 M ) was s imi l a r , yielding a 
12% d e c r e a s e in r a t e . An equivalent quantity of formic acid had no effect 
on the r a t e of decomposit ion of oxalic acid. In con t ra s t to Baur and Rebmann, 
Biichi found formic acid to be protec ted from photochemical decomposition 
by the p r e s e n c e of oxalate . He suggested that this may explain why cons iderable 
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quantit ies of this acid can be found among the decomposit ion products of 
oxalic acid. (The re la t ive yields of the decomposit ion of the two acids nnay 
depend not only on thei r re la t ive concentra t ions , but also on wavelength, 
s ince the absorpt ion spec t ra of the two complexes a r e different.) Biichi 
confirmed Brunerand Kozak's findings that the proport ion of formic acid 
in the product i nc r ea se s with decreas ing ratio [oxalate] / [uranyl] , as well 
as with increased acidi ty (cf. Table 4.10); this explains the findings of Baur 
and of Bacon, who worked in 0.5M H2SO4 and in 5% oxalic acid, respec t ive ly . 
The formation of U(lV), on the other hand, inc reases with acidity, but not 
enough to compensa te for the d e c r e a s e in formic acid product ion. 

Table 4.10 

FORMIC ACID PRODUCTION BY SENSITIZED OXALATE 
DECOMPOSITION AS FUNCTION OF O X A L A T E / U R A N Y L 

RATIO, X, AND OF ACIDITY (AFTER BUCHI, 1924) 

% formic 
acid 

[Oxalate]/[Uranyl] 

1 

40 

2 

36 

8 

26 

[Oxalate]/[Uranyl] = 2 

with 0.06 M HCl 

7 

with 0.6 M H2SO4 

6 

The deconnposition of uranyl oxalate solution without added oxalic 
acid proceeds in an apparent ly different way. F o r m i c acid is formed in 
this ca se as well , but inuch m o r e reduction to U(lV) takes place. 

In d iscuss ing these r e su l t s , Biichi used the genera l ly accepted ideas 
of photochemis t ry , r a the r than Baur ' s "e lect ro-photochemical" concepts . 
The fact that he found oxalate sa tura t ion near x = 1, led hinn to a s s u m e that 
the react ion occu r s in a s table 1 :1 complex (UO^"'' + oxalate) . If one a s s u m e s 
that this complex is pract ica l ly undissociable , its concentrat ion nnust i n 
c r e a s e l inear ly between x = 0 and x = 1, and then become constant . 

If the light absorpt ion by free uranyl ions is ent i rely ineffective, the 
curve showing reac t ion ra t e (quantum yield 7) as function of x also should 
show, at X = 1, a b r e a k between a l inear ly ascending and a horizontal branch. 

This , of cou r se , cannot be s t r i c t ly t rue . The assoc ia t ion constant 
cannot be infinitely la rge ; connplete associa t ion , therefore , nnust be a p 
proached asymptot ica l ly . For 1:1 associa t ion, the proport ion of UO2 bound 
in a complex with oxalate is de te rmined by the equat ions: 



K [UOt^] x [oxalate] = [complex] (50a) 

[UOt+] + [complex] = [UOj+]o (50b) 

[oxalate] + [connplex] = [oxalate]^ (50c) 

where [UO^+]o and [oxalate]o a r e the total amounts of the two react ion conn-
ponents. (in this formulation, the distr ibution of free oxalate between neut ra l 
molecules , nnonovalent ions, and divalent ions is neglected; cf. below.) 
E q s . (50a)-(50c) lead to a quadrat ic equation for [complex] as function of 
X (x = [oxalate]o/[UO|'+]o), which can be fornnulated so as to contain ei ther 
the total uranyl concentrat ion, [UO^''']o, or the total oxalate concentration, 
[oxalate]o, as p a r a m e t e r . 

[complex] , K [ U O ^ U l * x) . 1 / K tUO^H U t ± L l • . t „o^ . ] „" 
c.is. y 2K 

^ (51) 

(or a s inn i l a r equa t i on w i th [UO2 lo r e p l a c e d by [oxalate]o, and x r e p l a c e d 
by l / x ) . 

If K [UO2 ] o » l > Eq . (51) s i m p l i f i e s , a s e x p e c t e d , to [ complex ] = 
x [U02^''']o = [oxa la te ]^ ; if K [oxa la te ]o>>l , t he c o r r e s p o n d i n g equa t ion wi th 
[oxalate]o a s p a r a m e t e r s innpl i f ies to [ c o m p l e x ] = ( l / x ) (oxalate)o = [UO2 ]o. 

If w e a s s u m e t h a t t h e r a t e of deconnpos i t ion is equa l to the n u m b e r 
of q u a n t a of l ight a b s o r b e d in un i t t i m e by the c o m p l e x (and if o x a l a t e i t s e l f 
d o e s no t a b s o r b in the s p e c t r a l r e g i o n u s e d ) , we ob ta in for t h e q u a n t u m 
y i e l d : 

g^ [ c o m p l e x ] g^ [ c o m p l e x ] 
'^ ~ ac [ c o m p l e x ] + gf [UO "̂"*"] ~ (a^, - g f ) [complex] + gf [UOj+]o (52) 

w h e r e g^, and Of a r e t h e a b s o r p t i o n coe f f i c i en t s of c o m p l e x e d and f r e e u r a n y l 
i o n s , r e s p e c t i v e l y . If e i t h e r [ c o m p l e x ] » [ U O ^ ' ' " ] (mean ing p r a c t i c a l l y c o m 
p l e t e c o m p l e x i n g ) , and gf is n o t » g . o r g j , » g £ , and [UOz"^] is n o t » [ c o m p l e x ] , 
t h e q u a n t u m y ie ld m u s t b e un i ty . If the two t e r m s in the d e n o m i n a t o r of (52) 
a r e of the s a m e o r d e r of m a g n i t u d e , a n e x p r e s s i o n for 7 a s funct ion of x can 
be ob t a ined by i n s e r t i o n of (5 l ) into (52). H o w e v e r , t he r e s u l t i n g equa t ion 
w i l l c o n t a i n [UO2 ]o o r [oxalate]o a s s e p a r a t e p a r a m e t e r s , and not m e r e l y 
t h e i r r a t i o , x ; 7 w i l l b e a funct ion of x a l o n e only if the c o m p l e x is s t a b l e , 
n a m e l y : 
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4-7 

7 = 
g ^ X g j 

a^, X - gf(x - 1.) (g^, - gj) - (ttf/x) 

1 

7 = 1 for x > l (54) 

The a l te rna t ive coll is ion mechanisnn of reac t ion gives , for the p r o b 
ability of an encounter between an excited U02 '̂'" ion and an oxalate molecule 
or ion, the "S te rn-Volmer type" equation: Eq, (55), If each encounter r e 
sul ts in reac t ion , the s ame equation applies also to the quantum yield of the 
decomposit ion of oxala te : 

Vz [oxalate]o _ [oxalate]n /^^x 
Vi + V2 [oxalate]o Vi/v2 + [oxalatejg 

where V2 is the b imolecular r a t e constant of the react ion of excited uranyl 
ions with oxalate , andv^ the monomolecular r a t e constant of the de-act ivat ion 
of excited uranyl ions by f luorescence and energy diss ipat ion. 

According to Eq. (55), 7 mus t approach vmity asymtot ica l ly with in 
c reas ing [oxalate]. An impor tant difference between the two mechan i sms 
is that in the f i r s t one, for a given value of [oxalate]o, 7 depends on x, i .e . , 
on [UO2 ]o. while in the second case , 7 does not depend on [UO2 1, but only 
on the oxalate concentrat ion, 

Biichi gave Fig . 4.6 as proof of the actual o c c u r r e n c e of a b reak in 
the yield v s . x cu rve at x = 1, He pointed out that if the exper imenta l r esu l t s 
in the range below x = 1 a r e used to de te rmine the p a r a m e t e r s in Eq, (55), 
a quantum yield of 7 = 0,23 is calculated for x = 1 while the exper imenta l 
value is c lose to 1,0, This was der ived by Biichi from four 7 determinat ions 
with white light f i l tered through c r y s t a l violet and rhodamin; assuming 
\ = 420 mjLt, he obtained 7 = 1,03-1.15 (see, however, below for r ecen t r e 
determinat ions of the quantum yield, which gave7 va lues< l ) . 

The init ial s lope of the curve in F ig . 4.6 is de te rmined by the rat io 
of the absorpt ion coefficients of the free (or sulfate-complexed) uranyl and 
the oxala te-complexed uranyl ; Biichi calculated for this ra t io a value of 
1:1.3 (comp. Table 4,8). 

Baur (1924) supplemented Biichi's r e su l t by an " in te rpre ta t ion" in 
the electrochennical language. His or ig inal nnechanism with glyoxalic acid 
as in te rmedia te (Eq. 44a, b) requi red two quanta, or 7 = 0.5; to explain 
Biichi's value of 7 = 1, Baur now wrote 



H-7 

4.6. Quantum yield of uranyl-sensitized oxalate decomposition as function 

of the ratio X = [oxalate]/QjranyQ (after Buchi, 1924). 
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for the reac t ion in p r e s e n c e of much H , and 

"(^"- (: -oo§;T^^HCOO- \ ' "(̂ >> ("' 

for reac t ion in less acid solution, using the s a m e molecule of oxalate both 
as "anodic" and as "cathodic" depo la r i ze r ! 

Equivalent in terpre ta t ions in o rd ina ry photochemis t ry a r e : 

U(VI)* + "OOCCOO- .•U(lV) + OOCCOO », U(Vl) + H20+CO + C02 
(58a) 

U(Vl)* + -OOCCOO" ^U(IV) + OOCCOO i i U(VI) + H C 0 0 - + C 0 2 
(58b) 

Anderson and Robinson (l925) d iscussed the use of the oxalic acid -
u rany l sy s t em in an ac t inometer for u l t rav io le t light. Using m e r c u r y light 
of very high intensi ty (up to 10̂ ® quanta absorbed per second), they obtained, 
in solutions containing from 2 x 10"^ to 2 x 10~^M uranyl n i t r a te , and O.IN in 
oxalic acid, quanttim yields between l / 2 4 and 1/557. In a single exper iment 
with monochromat ic light (365 mjLt, 5 x lO' q u a n t a / s e c ) , a value of 7 = l / 3 7 
was found. The in terpre ta t ion of the r e su l t s was even less plausible than 
the numer i ca l va lues . (For example, it was suggested that radioact ivi ty of 
uranium may be respons ib le for its sensi t iz ing p r o p e r t i e s ; light absorpt ion 
by UO2 ions was t rea ted as incidental , or even a s inhibiting the decompos i 
tion of oxalic acid, etc.) 

Bowen and Watts (l926) used the Anderson-Robinson " r a d i o m e t e r " 
but r e - d e t e r m i n e d the quantum yield. In O.OIM UO2SO4 + O.IN oxalic acid, 
in the total light of a quar tz lamp and assuming A. = 313 mju, they obtained, 
in t h r ee exper imen t s , 7 —1.0 . 

West, MuUer and Jet te (l928) d iscussed the re la t ion between inhibi
tion of a photochemical react ion and quenching of f luorescence of the l ight-
absorbing spec i e s , using as examples the effect of anions such as CI", B r - , 
CNS~, I" on the decomposit ion of oxalate and on the f luorescence of uranyl 
sa l t solut ions. 
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Both effects i nc rease in the above s e r i e s , from CI" to I". This o rde r 

was compared by West et a l . with the o r d e r of ionic deformabil i t ies ; c o m 
pa r i son with the o r d e r of e lec t ron affinities would be m o r e pert inent , if one 
a s s u m e s quenching to be due to e lec t ron t rans fe r ( ra ther than energy t ransfer) 
fronn the excited uranyl ion to the quencher . 

Numer ica l data on the quenching of UOl"^ f luorescence and inhibi
tion of sensi t ized oxalate decomposi t ion were given in an accompanying 
paper by Miiller ( l928). Fig . 4.7 shows the an t i -pa ra l l e l i sm of decomposi 
tion r a t e and f luorescence . It will be noted that , in con t ras t to Biichi's 
findings, H2C2O4 satura t ion is reached h e r e asymptotical ly, at about 
[ H 2 C 2 0 4 ] / [ U 0 2 ] = 1 . 5 , r a the r than sharply at x = 1. The f luorescence b e 
comes too weak for m e a s u r e m e n t above x = 1. 

The effect of ions on the r a t e of oxalate decomposition is shown in 
F ig . 4.8 for [UO^+J = O.OIM, and [H2C2O4] = O.IM. 

Comparing the observa t ions of different inves t igators , we obtain 
Table 4.11 for the values of x and for the absolute concentra t ions , [oxalate]Q, 
at which "oxalate sa tura t ion" was observed . 

Table 4.11 

"SATURATION" OF THE URANYL-OXALATE REACTION 
WITH OXALATE 

X = [oxalate ]o/[uranyl]o 

Obse rve r 

Bacon ( l907, 1910) 
Bruner and Kozak ( l91l) 
Biichi (1924) 
Miiller (l928) 
P r i ngshe im ( l 9 3 7 ) w 

Saturating Value: 

X 

'V^IO 

1 
~ 1 . 5 

>1 

[oxalate ]o 

0.3 g in 100 cc . (O.OSM) 

0.2 g in 20 cc . ( 0 . 1 4 M ) 

(0.06M) 

( > 0 . 0 2 M ) 

Complex sa tura t ion from spec t r a l data (cf. Table 2.10). 

P i e r c e (l929) compared the kinetics of u ranyl -sens i t ized decomposi 
tion of oxalic acid with that of the decomposi t ion of xnalonic acid (cf. below, 
p . 69). He found the t e m p e r a t u r e coefficient to be substantial ly 1 for oxalic 
acid (3-73°C) (confirming the r e su l t s of Bruner and Kozak, and Bacon), as 
aga ins t 1.13 t 0.02 for malonic acid. A quantum yield 7 = 0.25 was found 
by P i e r c e , Leviton and Noyes for malonic acid decompositon (in 0.05M so lu 
tion), as compared to 7 = 1, given by Biichi for oxalic acid (in O.O6M oxalic 
acid) . (More recen t m e a s u r e m e n t s , to be descr ibed below, gave 7^^0.6 for 
oxalic acid decomposition.) 
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Discussing the re la t ive m e r i t s of the "complex formation" theory 
(Biichi) and the "kinetic encoiinter" theory, P i e r c e favored the fo rmer , 
again quoting conductivity data (Dittrich) and spect roscopic evidence (Henri 
and Landau; Ghosh and Mi t te r ) . He submit ted that the observed r a t e s a t u r a 
tion in r e s p e c t to oxalic acid concentra t ion (Table 4.11) supports the c o m -
plexing theory and contradic ts the encounter theory "un less a very long life 
of [UO2 ]* is a s sumed . " [However, this l ifet ime in fact is long - of the o rde r 
of 10~* s e c . Calculations show that for a l ifetime of this durat ion the p r o b 
ability of an encounter with a r eac t an t p r e sen t in a concentrat ion >0.05M 
(Table 4.11) mus t be high.] 

As a coun te r -a rgument supporting the encounter theory, P i e r c e 
quoted f i r s t the fact that the equilibrixim constants calculated by Ghosh and 
Mit ter , however high, a r e not high enough to a s sume complete complexing 
under the conditions of Biichi's exper imen t s , which gave 7 = 1 . More 
specifically, with the value given in Table 2.7 ( K = 115) complexing should 
be about 2/3 comple te in a mix tu re of 0.06M UO2""'' and 0.06M oxalic acid; 
if complexes alone w e r e assunmed to r eac t , a quantum yield of 1 could be 
expected vinder these conditions only if the absorpt ion by the complex were 
very much s t ronger than that by the f ree ions; P i e r c e thought that e x p e r i 
menta l data do not confi rm this suggest ion. This i s , however, not t rue for 
near u l t rav io le t and vis ible light; fu r the rmore , according to m o r e r ecen t 
data, the quantum yield is c lose r to 0.5 than to 1.0. The complex theory 
thus s e e m s to be adequate to explain the r e s u l t s . However, P i e r c e pointed 
out that the complex theory is a lso l e s s suitable than the encounter theory 
to explain the observed absence of a t e m p e r a t u r e coefficient, and the p a r a l 
l e l i sm between the effects of ions on UOJ" f luorescence and on the sensi t ized 
decomposi t ion of oxalate, i l lus t ra ted in Fig . 4.8. The second a rgument , in 
pa r t i cu la r , is not easi ly answered (cf. below). P i e r c e therefore suggested 
that perhaps free ions and complexes both take pa r t in the reac t ion . 

Leighton and Fo rbes (l930) studied the u rany l - sens i t i zed oxalate 
react ion f rom the point of view of p rec i s ion ac t inomet ry . They enumerated 
the advantages of the react ion: absence of dark react ion; a wide a b s o r p 
tion band; "zero o r d e r " light reac t ion; t e m p e r a t u r e coefficient of prac t ica l ly 
unity; sma l l effect of additions ( ?); ease of analysis (by means of p e r m a n 
ganate t i t ra t ion of oxalate) . Pointing out the wide d i sc repanc ies of previous 
quantum yield de terminat ions (from 7 = 0.04 according to Anderson and 
Robinson, through 7= 1 according to Bowen and Watts, and Biichi, to 7 C:; 500 
according to Boll), Leighton and F o r b e s proceeded to sys temat ic r e 
determinat ion of 7 in monochromat ic u l t raviole t light. The yields w e r e 
determined from 255 to 490 nnju, vinder the following condit ions: 

(a) O.OIM UO2SO4; 0 .05M H2C2O4; 25°C 

(b) O.OIM UO2SO4; 0 .05M H2C2O4; 9.8°C 

(c) 0.001 to O.OIM UO2SO4; 0.01 to 0 .05M H2C2O4; 25°C 
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The r e s u l t s of exper iment (a) and of one s e r i e s in exper iment (c) a r e 

shown in F ig . 4.9. It indicates that quantum yields areC5i0.6 at all wavelengths, 
but that an unmis takable min imum of 7 occurs a t 366 mju. Variat ions of [U02^"'"] 

FH c o l 
have lit t le effect on 7 , as long as x =J^ j ^ cr^'\^^-

[UO2SO4 J 
Addition of sodium sulfate or sodiunn hydroxide was found to enhance 

light absorpt ion; the la t ter was dec reased by sulfuric acid. All th ree add i 
t ions, pa r t i cu la r ly sulfuric ac id .dec reased the quantum yield. An at tempt 
was made to c o r r e c t the quantum yields by apportioning the light absorpt ion 
between free UO2 ions and uranyl oxalate complexes on the assumption 
that Otomplex ^̂^ ^^^ max imum absorpt ion coefficient obtainable when 
[ a c i d ] » [ u r a n y l ] . 

Related to total absorpt ion, the quantum yields declined slightly -
from 0.59 at x = [H2C204]/[UO^"'"] = 50, to 0.52 at x = 1; they became p r a c 
t ical ly constant (7 = 0.57 to 0.59) when re la ted to the (calculated) absorption 
by a 1:1 complex alone. This somewhat improved constancy was considered 
as an a rgumen t for a 1:1 complex as the only c a r r i e r of the react ion. 

The au thors suggested that the pa ra l l e l i sm of quenching and inhibi
tion (Miiller), which appears to favor the encovinter theory (cf. above) could 
be explained by de-act ivat ing coll is ions of excited complexes with the in 
hibiting ions, or by d isplacement of oxalate ions from their complexes with 
uranyl by CNS", Br~, or I" ions. The f i r s t hypothesis r equ i r e s that the 
t ime between light absorpt ion and reac t ion in a complex should not be snaall 
compared to the l ifetime of excitation of a free atonm or ion, while one would 
expect a reac t ion in a complex to follow excitation within a much shor t e r 
t ime - roughly the period of one or a few molecular vibrat ions (lO"*^ sec) . 
The second hypothesis is feasible, but r equ i r e s quantitative checking by 
spec t roscopic or o ther naeasurements of the s eve ra l complexing constants . 

Checks on the t e m p e r a t u r e dependence of the react ion, made by 
Leighton and F o r b e s , indicated the need of determining the light absorpt ion 
separa te ly at each t e m p e r a t u r e ; o the rwise Qjo values > 1 may be obtained. 
F o r example, if the yield a t 9.8°C is compared with that at 25°C without 
r ega rd to changes in absorpt ion, a t empe ra tu r e coefficient of 1.13 is c a l 
culated. 

In concluding, the authors recommended a sys tem containing O.OIM 
urany l sulfate and 0.05M oxalic acid, a t 25°C, as bes t suitable for photometric 
p u r p o s e s . 

The uranyl -oxa la te sy s t em was used by Heidt and Daniels (l932) as 
t e s t sy s t em for a monochromate r . They obtained the quantiim yields l isted 
in Table 4.12. The quantunn yield appea r s to be independent of the anion. 
Addition of IM H2SO4 had no effect on the yield. The quantum yield fovmd by 
Heidt and Daniels (7-0.5) is in sa t i s fac tory agreement with the resu l t s of 
Leighton and F o r b e s . 



SL 
0.7 

250 3 0 0 350 4 0 0 

X (m/A) 

4 5 0 500 

g. 4.9. Gross quantum yield at 25** plotted against wavelength. 
Curve A summarizes experiment ( a ) ; Curve B, same 
solution unstirred; Curve C, a stirred solution 0.02 M in 
UO2SO4 and 0.04 M in H2C2O4. 
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T a b l e 4 .12 

Q U A N T U M YIELDS IN U R A N Y L - O X A L A T E SYSTEM 
(HEIDT AND DANIELS, 1932) 

313 mju, a t 25°C 

C o m p o s i t i o n 

UO2++ 
s a l t 

UO2C2O4 

UO2C2O4 

UO2SO4 

U 0 2 ( N 0 3 ) 2 

c o n e , 
M 

0.0005 

0.0017 

0.0017 

0.0017 

H2C2O4, M 

0.0045 

0.0330 

0 .0330 

0.0330 

% a b s o r p t i o n 

72 (2 c m cel l ) 

86 (1 c m ce l l ) 

86 (1 c m ce l l ) 

86 (1 c m ce l l ) 

A v e r a g e 
q u a n t u m 

yie ld 

0.64 

0.46 

0.59 

0.53 

B r a c k e t t and F o r b e s ( l933) r e - d e t e r m i n e d the q u a n t u m y i e l d s a t 278 
and 253 m/x, and added a m e a s u r e m e n t a t 208 rrijii (us ing a Zn s p a r k a s l ight 
s o u r c e ) . T a b l e 4 .13 s h o w s the r e s u l t s . T h e g r o s s q u a n t u m y ie ld a t 208 m/i 
w a s d i s t i n c t l y ( 20%) s m a l l e r t han a t t h e l onge r w a v e s ( F i g . 4 .10) . It w a s 
n a t u r a l to a s c r i b e t h i s to l igh t a b s o r p t i o n by o x a l i c a c i d . T h e fol lowing 
equa t ion w a s u s e d for c o r r e c t i o n : 

7, 
7 g r o s s - 7 ( H 2 C 2 0 4 ) (aaCaAo^c) 

c o r r (2 ac - a^Ca w a c 
(59) 

w h e r e 7 ( H 2 C 2 0 ) ^^ ^^ q u a n t u m y ie ld of d i r e c t p h o t o c h e m i c a l d e c o m p o s i t i o n 
of o x a l i c a c i d ; t he a ' s d e s i g n a t e e x t i n c t i o n coe f f i c i en t s , and the c ' s c o n c e n t r a 
t i o n s ; t h e s u b s c r i p t a r e f e r s to f r e e o x a l i c a c i d . T h e c o r r e c t e d c u r v e 
( F i g . 4 .10) s h o w s a s t e a d y i n c r e a s e of 7 b e t w e e n 400 and 208 m/i , wh ich 
cou ld be a t t r i b u t e d to d e c r e a s i n g " c a g e " effect (d imin i sh ing c h a n c e for the 
p r i m a r y p h o t o c h e m i c a l p r o d u c t s to r e a c t b a c k b e f o r e t h e i r s e p a r a t i o n ; the 
e s c a p e i s f a s t e r w h e n the p r o d u c t s a r e f o r m e d by l a r g e r quan ta and t h e r e 
f o r e wi th h i g h e r k i n e t i c e n e r g i e s ) . T h e r e n e w e d i n c r e a s e of -ya tX>400 rc^ 
r e q u i r e s a d i f f e r e n t e x p l a n a t i o n . 

I t w i l l be no ted t h a t in the f i g u r e c o r r e c t i o n s a r e naade in two a l 
t e r n a t i v e w a y s - by a s s u m i n g t h a t t h e p h o t o c h e m i c a l r e a c t i o n o c c u r s in 
c o m p l e x e s c o n t a i n i n g e i t h e r one o r two C2O4 g r o u p s (in o t h e r w o r d s , t he 
c o n c e n t r a t i o n of f r e e o x a l i c ac id is c a l c u l a t e d by deduc t ing , fromi the t o t a l 
o x a l a t e c o n c e n t r a t i o n , e i t h e r one o r two e q u i v a l e n t s of the u r a n y l p r e s e n t ) . 
T h e e x p e r i m e n t s do no t add new a r g u m e n t s for (or aga in s t ) t h e a s s u m p t i o n 
of c o m p l e x e s a s r e a c t i o n c a r r i e r s . 
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complex; B, if U02(C204)2 is the complex. For a solution 0.05 M in 
H2C2O4 and 0.01 M in UO2SO4. O, Leighton and Forbes; • , Forbes 
and Brocketti temp., 25* . A and B practically coincident at 
255 m/A and above. 



T a b l e 4 .13 

Q U A N T U M YIELDS IN T H E U R A N Y L - O X A L A T E S Y S T E M 
( A F T E R B R A C K E T T AND F O R B E S , 1933) 

>^,mM 

278 

253 

208 (28°) 

208 (28°) 

208 (28°) 

208 (28°) 

[UO++], 
M 

0.01 

0.01 

0.01 

0.03 

0.02 

0.00 

[H2C2O4], 
M 

0.04853 

0.04967 

0.04967 

0 .04995 

0.01963 

0 .05058 

7 

0.59 

0.63 

0,48 

0.55 

0.53 

0.02 

p r o b a b l e 
e r r o r 

t 0.01 

+ 0.03 

t 0.01 

1 0.01 

1 0.01 

t 0.01 

F o r b e s and He id t ( l934) m a d e a d d i t i o n a l m e a s u r e m e n t s a t ten t i m e s 
l o w e r c o n c e n t r a t i o n s than b e f o r e (O.OOIM [UO2] and 0.005M [H2C2O4]), in 
o r d e r to m i n i m i z e t h e d i r e c t p h o t o c h e m i c a l d e c o m p o s i t i o n of oxa l i c ac id 
( the a b s o r p t i o n by o x a l i c ac id d e c r e a s e d , in c o n s e q u e n c e of th i s change of 
c o n c e n t r a t i o n , m u c h m o r e s t r o n g l y than the a b s o r p t i o n by u r a n y l ions ) . T h e 
qviantum y i e l d s r e m a i n e d the s a m e a s b e f o r e , a t 313 , 279, 254 and 220 mju 
(a s l i g h t d r o p , to 7 = 0 .50 , o c c u r r e d a t 208 m/i) . E v e n a t 0 .005M UO2SO4 + 
0 .0025M oxa l i c a c i d , t he q u a n t u m y i e l d s w e r e vmchanged a t 254, 279 and 
313mju. T h i s r e s u l t s e e m s to b e i n c o m p a t i b l e wi th the a s s \ i m p t i o n of a 
1:1 c o m p l e x a s t h e only r e a c t i o n c a r r i e r , s i n c e the c o n t r i b u t i o n of f r ee 
U02"'' ions to t h e t o t a l a b s o r p t i o n a t 2 5 4 - 3 1 3 m/i i s un l ike ly to be qu i t e n e g 
l ig ib l e c o m p a r e d to t h a t of an a t l e a s t four t i m e s s m a l l e r a m o u n t of the 
c o m p l e x . 

P i t z e r , G o r d o n and Wi lson ( l936) w e r e i n t e r e s t e d in the f a c t o r s af
fec t ing t h e r a t i o of p h o t o c a t a l y t i c and d i r e c t p h o t o c h e m i c a l r e a c t i o n . T h e y 
m e a s u r e d the y ie ld of U(lV) f o r m a t i o n a s function of the c o m p o s i t i o n of t h e 
r e a c t i o n m i x t u r e . 

F i g u r e 4 .11 s h o w s t h e p r o p o r t i o n of d i r e c t ox ida t ion r e d u c t i o n 
for an i n i t i a l c o m p o s i t i o n [UOj+] = [C20^~] ( i . e . , x = l ) . 

T h e c u r v e i n d i c a t e s t h a t a r a p i d r e d u c t i o n of U(Vl) b e g i n s when the 
Oxalic a c i d c o n c e n t r a t i o n had beconne s m a l l e r than tha t of u r a n y l (x<l ) . 
[ T h e i n c r e a s e in ACO2/ACO r a t i o wi th i n c r e a s i n g x o b s e r v e d by B a u r ( cf. 
T a b l e 4.7) m u s t t h e r e f o r e be a t t r i b u t e d to enhanced f o r m a t i o n of f o r m i c 
a c i d , and no t o x i d a t i o n - r e d u c t i o n . ] 
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Pro tec t ion of uranyl from reduction by excess oxalic acid is nnost 

easi ly xinderstood if one a s s u m e s that light absorbed by uranyl-oxala te c o m 
plexes causes sens i t ized deconnposition of oxalate into CO, H2O, and CO2 (or 
CO2 and H C O O H ) , with light absorbed by free UO2"''' ions (or a different kind 
of complexes , cf. below) causes oxidat ion-reduction, (it will be recal led 
that in the ca se of ace ta te , we have reached the r e v e r s e conclusion, namely, 
that light absorpt ion in a complex produces oxidation-reduction, and light 
absorbed in free ions produces sensi t ized decomposit ion. This r e v e r s a l is 
not too c red ib le , although there is no gainsaying that different anions and 
different complexes may behave in a different way.) 

P i t ze r et a l . d iscussed the mos t probable composition of the react ive 
complex. Biichi had suggested U02C204-H2C204, dissociating into 2H"*' + 
U02(C204)^". Leighton and Fo rbes assunaed that neut ra l UO2C2O4 is the r e 
action c a r r i e r . The occu r r ence of complex U(Vl) anions was demonstra ted 
by Dit t r ich ( l899), who showed that in solutions containing Na2C204, uranium 
moves towards the anode. P i t z e r and co -worke r s followed Biichi in the 
assumption that the associa ted group is U02C204*H2C204, dissociating into 
2H"'" and a complex anion, UO2 (C204"")2> which can also be in terpreted as 
the second assoc ia t ion complex of UO^+ and C20^~ ions. Since the ionic 
dissociat ion constant of UO2C2O4 is sma l l [lO% in sa tura ted ( 0 . 0 1 5 6 M ) so lu
tion, a value der ived from the freezing point depress ion of water ; a s imi la r 
figure follows from Di t t r ich ' s conductivity measu remen t s ] , " f ree UO2 " 
m u s t be p re sen t mos t ly - up to 90% - in the form of neu t ra l UO2C2O4 m o l e 
cu les . If sens i t ized decomposit ion of oxalic acid, ascr ibed above to " c o m 
plexes" in genera l , is a t t r ibuted, m o r e specifically, to conaplex anions, 
oxidat ion-reduct ion may perhaps be a sc r ibed to neut ra l molecules , UO2C2O4, 
r a t h e r than to f ree uranyl ions. Such hypotheses a r e bound to remain gues se s , 
until a sys temat ic study of the products and the kinetics of the uranyl-oxala te 
reac t ion is coupled with the investigation of the composition of the reacting 
solutions by spec t roscopic and e lec t rochemica l methods, leading to the know
ledge not only of the re la t ive concentrat ion of the different molecular and ionic 
spec ie s , but also of their r e la t ive role in the absorption of light of different 
wavelengths . Such an investigation s e e m s to be urgently needed. 

In co r robora t ion of their theory, P i t ze r and co -worke r s quoted the 
observat ion that addition of uranyl oxalate inc reases the acidity of oxalic 
acid, instead of decreas ing it (the usual effect of neu t ra l sa l ts on acids 
containing the s a m e anion). The effect becomes unders tandable if a s t ronger 
complex acid is formed by associa t ion of UO2C2O4 with H2C2O4. Est imat ion 
of acid s t reng th of the complex from the measured pH indicates complete 
dissociat ion (0.02 moles H+ from O.l mole UO2C2O4 + O.IM H2C2O4). This 
gives (for 25°C): 



At v e r y h i g h v a l u e s of t h e r a t i o [H2C204]/[U02"'^] ( s u c h a s 10 : l ) a 
s t i l l h i g h e r c o m p l e x m a y be f o r m e d ; a po ta s s iv im s a l t of t h e a c i d 
Yifji^O^^ (^204)5 h a s b e e n d e s c r i b e d in the l i t e r a t u r e . 

W e i s s (1938) d i s c u s s e d the u r a n y l - o x a l a t e r e a c t i o n f r o m the po in t 
of v i e w of the e l e c t r o n t r a n s f e r t h e o r y . He po in ted o u t t h a t o n l y th i s t h e o r y 
(as c o n t r a s t e d to t h e e n e r g y t r a n s f e r t h e o r y ) c a n a c c o u n t for the p a r a l l e l i s m 
b e t w e e n t h e q u e n c h i n g of f l u o r e s c e n c e and t h e inh ib i t i on of o x a l a t e d e c o m 
p o s i t i o n by ions d e s c r i b e d by M u l l e r (cf. p .50 ) . T h i s c o n s i d e r a t i o n s e e m s 
offhand to a p p l y to k ine t i c e n c o u n t e r m e c h a n i s m s on ly , bu t W e i s s s u g g e s t e d 
t h a t c o m p l e x f o r m a t i o n b e t w e e n s e n s i t i z e r and s u b s t r a t e d o e s no t change 
the s i t u a t i o n , s i n c e e l e c t r o n t r a n s f e r p h e n o m e n a c a n o c c u r wi th in the e x 
c i t e d c o m p l e x in t h e s a m e w a y a s b e t w e e n e x c i t e d u r a n y l ions and o t h e r 
p a r t n e r s in a n e n c o u n t e r . T h i s , h o w e v e r , i s no t q u i t e c o r r e c t , b e c a u s e , a s 
m e n t i o n e d a b o v e , t h e t i m e b e t w e e n e x c i t a t i o n and e l e c t r o n t r a n s f e r w i th in 
a c o m p l e x shou ld b e m u c h s h o r t e r w h e r e t r a n s f e r d o e s n o t h a v e to a w a i t a 
k i n e t i c e n c o u n t e r . F u r t h e r m o r e , t h i s t i m e m u s t b e i n d e p e n d e n t of the c o n 
c e n t r a t i o n of t h e e l e c t r o n donor (oxa l a t e ) , so t h a t t h e e x t e n t of inh ib i t ion 
shou ld depend on ly on t h e c o n c e n t r a t i o n of the q u e n c h i n g i o n s . T h e effect 
of t h e c o n c e n t r a t i o n of o x a l i c a c i d on t h e y i e ld , and (if t h e i n h i b i t o r a c t s 
by d i s p l a c i n g the s u b s t r a t e f r o m t h e c o m p l e x , and n o t by k ine t i c enco i in t e r s ) 
a l s o t h e ef fec t of t h e c o n c e n t r a t i o n of t h e i n h i b i t o r , m u s t b e d i f f e r en t in two 
m e c h a n i s m s . C l o s e r k ine t i c s t u d i e s a r e n e e d e d to d e c i d e w h e t h e r the q u e n c h 
ing and inh ib i t ion p h e n o m e n a c a n be b r o u g h t into a c c o r d w i t h t h e h y p o t h e s i s 
of c o m p l e x e s a s e x c l u s i v e r e a c t i o n c a r r i e r s . 

T h e m e c h a n i s m of s e n s i t i z e d o x a l a t e d e c o m p o s i t i o n i s , a c c o r d i n g to 
W e i s s , a s fo l lows (neg lec t ing t h e c o m p l e x f o r m a t i o n ) : 

U O ^ + * + HC204" U O t + HC2O4 ( e l e c t r o n t r a n s f e r ) (6 la ) 

HC2O4 - C O 2 + HCOO (61b) 

o r HC2O4 - C O 2 + CO + OH (61c) 

HCOO + UO^ - H C O O " + UOj+ ' j (6 ld ) 
r b a c k r e a c t i o n s 

o r OH + U O j - U O j + + OH~ J (61 e) 

Ne t r e a c t i o n : HC2O4" ^ C O z + H C O O " (61) 

o r HC2O4" CO2 + CO + O H " (61 A ) 

T h i s s c h e m e s h o w s how s e n s i t i z e d d e c o m p o s i t i o n , ( 6 l ) o r (61 A ) , c a n 
r e s u l t f r o m a n i n i t i a l o x i d a t i o n - r e d u c t i o n , ( 6 l a ) : U"*" o x i d i z e s t h e o x a l a t e 
an ion , H C 2 0 ^ , to a r a d i c a l , HC2O4; t h e l a t t e r d e c o m p o s e s (into CO2, and 
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ei ther the r ad ica l HCOO, or the rad ica l OH and the molecule CO); the rad ica l s 
r e -ox id ize U"*"̂  to U , and a r e themse lves converted into stable ions, HCOO" 
and OH". 

[ A s imi l a r scheme can be devised by assuming r eve r s ib l e reduction 
of U(VI) to the U(IV) instead of the U(V) level.] 

Weiss suggested that the re ta rda t ion of the oxalate decomposition by 
s t rong acids (p. 45) could be due to decreas ing ionization of oxalic acid. He 
postulated that only the ions, HC20^, and not the neut ra l molecu les , H2C2O4, 
can s e r v e as e lect ron donors in reac t ion (6la), 

In the p r e s e n c e of I~ ions, the f luorescence of U02^ may be completely 
quenched, but the photodecomposition of H2C2O4 st i l l goes on (cf. below). 
Weiss at t r ibuted this to the capacity of iodine atoms (or iodine molecules) 
fornmed in the quenching p r o c e s s to c a r r y out the chemica l oxidation of oxalic 
acid (in competi t ion with the back react ion, which is the re-oxidat ion of 
U(IV) by I2). 

Ca r t e r and Weiss (l940) proceeded with an exper imenta l r e 
investigation of the react ion, especial ly of the influence of f luorescence 
quenchers on the rat io of the two produc ts , CO and HCOOH (cf, Baur and 
Rebmann, p . 42). They suggested that such an influence would be incom
prehens ib le from the point of view of the energy t ransfer theory (Schneider), 
a s well as f rom that of the reac t ion in a s table complex (Biichi), but could 
be explained if mechan i sm (61) is assi imed. The s a m e they also thought to 
be t rue of the explanation of the pH effect on the r a t e of decomposition. 

In a s e r i e s of m e a s u r e m e n t s Ca r t e r and Weiss determined ACO, 
AH2C2O4, AU(lV) and AHCOOH. Oxygen was excluded; oxalic acid was used 
(with or without H2SO4 addition), as well as Na2C204(pH 5). 

The r e su l t s obtained with oxalic acid in the p re sence of po tass ium 
iodide w e r e s i m i l a r to those of West (p. 50 ), but their meaning was s o m e 
what c l e a r e r because West did not exclude oxygen. 

Iodide concentra t ions of the o rde r of 10~^M, while decreasing con
s iderably the yield of f luorescence , w e r e without influence on the r a t e of 
sens i t ized decomposit ion of oxalic acid. In the p r e s e n c e of 0.033M H2C2O4, 
as much as O.IM KI was found to be needed to reduce the r a t e of decompos i 
tion by 38%; approximate ly the s a m e is t r ue of an equivalent Na2C204 so lu 
tion. In the p r e s e n c e of O.OIM H2SO4, the inhibiting effect is somewhat 
s t ronge r (26% inhibition by 0.05M I"). Table 4.14 shows the inhibitions by 
O.OIM I" observed in oxalic acid solutions of different acidity. 
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T a b l e 4 .14 

INHIBITION O F U R A N Y L - O X A L A T E R E A C T I O N BY IODIDE 
( A F T E R C A R T E R AND WEISS, 1940) 

Inh ib i t ion 
by O.OIM I " 

H2SO4 
0 

- 2 . 7 % 

0.01 

- 4 . 6 % 

. M 
0.1 

- 2 0 % 

1 

- 1 9 % 

T h e r e s u l t s l i s t e d in T a b l e 4 ,15 w e r e fovmd in t h e s t u d y of t h e effect 
of c o m p o s i t i o n on t h e p r o p o r t i o n of CO and HCOOH in the p r o d u c t s : 

T a b l e 4 ,15 

P R O D U C T S O F URANYL O X A L A T E R E A C T I O N 
( A F T E R C A R T E R AND WEISS, 1940) 

C o m p o s i t i o n of the P h o t o l y t e 

H2C2O4 

H2C2O4 + I " (O.IM) 

H2C2O4 + B r - (O.IM) 

Na2C204 

Na2C204 + I " ( O . I M ) 

H2C2O4 + H2SO4 (O.OlM) 

H2C2O4 + I - (O.IM) 

H2C2O4 + I " ( O . O I M ) 

H2C2O4 + H2SO4 (O.IM) 

H2SO4 + I " ( O . O I M ) 

+ H2SO4 ( I M ) 

H2C2O4 + H2SO4 + I " ( O . O I M ) 

ACO, 
% 

51 

42 

44 

23 

18 

56 

38 

54 

76 

75 

53 

34 

AHCOOH, 
% 

44* 

42 

43 

72 

56 

38 

34 

36 

14 

11 

0 

0 

* T h e r e s t i s U(lV) + CO2 



^ 

65 

The two notable r e su l t s of these experiments a r e , f i rs t , the wide 
d i sc repancy between the concentrat ions of I" which quench f luorescence, 
and the (nauch higher) concentra t ions of this anion needed to inhibit the r e 
action of uranyl ions with oxalic acid; and, second, the influence of compos i 
tion (acidity, p r e s e n c e of iodide) on the proport ion of the two react ion products , 
carbon monoxide and formic acid ( ra ther than on the total yield of decom
posit ion; cf, however, Fig . 4.8). 

To explain the r e s u l t s . Ca r t e r and Weiss used scheme (6l) coraple-
mented by the assvimption of the ac id -base equilibria 

UO^ + 4H'*".^=^ U"*"̂  + 2H2O (62a) 

UO^ + 2H+ =::=^ U"'"̂  + 2 0 H - (62b) 

which s tabi l ize the UO2 ions and thus r e t a r d the back react ions (6ld) and 
(6 le) . As a consequence, the s ta t ionary concentrat ion of the rad ica ls COOH 
and OH becomes higher with increas ing acidity, and the probabil i ty of the 
reac t ion between them 

OH + COOH CO2 + H2O (63) 

i n c r e a s e s . This reac t ion el iminates the p a r t n e r s with which U(v) mus t r e 
ac t in the back reac t ions (61 d) or (61 e) and leads to a net reduction UOj' ' ' . 
This mechan i sm can explain why the re la t ive yield of U02''" reduction (com
pared to the yield of sens i t ized decomposit ion of oxalic acid) inc reases with 
increas ing acidity (as fovind by Biichi). 

The inhibiting effect of H"*" ions on the o v e r - a l l yield of decompos i 
tion is vinderstandable if HC20^ is the e lec t ron donor, as a s sumed in (6la) , 
s ince the ionic d issocia t ion of H2C2O4 declines with increasing [H"*"]. 

The fact that I " ions can completely quench f luorescence without 
reducing the yield of sensi t ized decomposit ion was at t r ibuted by Car te r 
and Weiss to capaci ty of the iodine a toms formed by the quenching r e 
action 

UO "̂*" + I" 7 -^UOJ- + I (64) 

to c a r r y the reac t ion sequence further by themselves oxidizing oxalic acid 
[react ion (65)]. When the concentrat ion of oxalic acid is low, the probabili ty 
of the back reac t ion in (64) compared to that of the forward react ion 

I + H C 2 O 4 ' - — I " + HC2O4 . - I " + COOH + CO2 (65) 



a 
is high, and the yield of photoxidation is smal l . However, this does not e x 
plain why the yield of photoxidation i nc rea se s at higher I" concentra t ions , 
since the la t ter should not change the re la t ive probabi l i t ies of the two r e 
act ions . F u r t h e r m o r e , it s eems from e a r l i e r exper iments (cf., p . 63) 
that ve ry high [l~] concentrat ions inhibit the photochemical react ion of I" 
with oxalate . 

When [l"] is high, the yield of CO and HCOOH nmust d e c r e a s e and 
m o r e U(lV) mus t be produced, because the reac t ions 

and 
COOH + I CO2 + HI (66) 

C2O4-+ I2 ^2C02 + I" + I (67) 

which "snatch away" the rad ica ls needed for regenera t ion of UO^^, become 
important . The la t ter react ion is known from photoxidation of oxalate by 
iodine, 

McBrady and Livingston (l946) investigated the formation of t e t r a -
valent uraniunn by reac t ion of uranyl ions with oxalate using Leighton and 
F o r b e s ' ac t inometer . Under anaerobic conditions, this side react ion amounted 
to about 1% of the main one. 

The de terminat ions w e r e made by measur ing the absorpt ion of a 
weak "scanning" beam of light at 650 mji (where the absorpt ion by UO2 is 
negligible) while illuminating with s t rong light f rom a m e r c u r y a r c at r ight 
angle to the scanning beam. The extinction curves of u rany l and uranous 
ions w e r e de termined over the range 400-700 rrijLi by means of a Beckman 
spec t rophotometer , 

With O.OIM UO2SO4 and 0,05M oxalic acid, in a v e s s e l which was 
previously evacuated and filled with carbon dioxide, U(lV) was formed in 
light a t a steady r a t e of 1,5 x 10" ' m o l e s / l i t e r / s e c . When the concentrat ion 
of oxalic acid was lowered, the yield of U(lV) formation decreased (Table 4.16). 
The influence of acidity is shown by Table 4.17, It was found that the quantum 
yield of formation of U(lV) could be represen ted by the equation 

0.0136 [H+] 0.63 [U+^] ..„v 
^ - 0.0455 + [H+]"'—TH+i ^^^> 

When the concentra t ion of oxalic acid is not sma l l e r than that of uranyl 
sulfate ( x i l ) , the quantvim yield of U(lV) formation is a function of [H"*"] (or 
of the total concentrat ion of oxalic acid) r ep re sen t ed adequately by the f i r s t 
t e r m in Eq. (68), but when the concentrat ion of oxalic acid is sma l l , only 
the ini t ia l r a t e of reac t ion obeys the simplified formula, the r a t e becoming 
auto catalytic ally acce le ra ted as U(lV) is formed. It i n c r e a s e s approximately 
l inearly with [U(lV)] [second t e r m in Eq. (68)]. In this c a s e the formation of 
U(lV) continues for a while in d a r k n e s s . 
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Table 4.16 

QUANTUM YIELD, 7, OF U(lV) FORMATION IN 
URANYL + OXALIC ACID REACTION 

( A F T E R M C B R A D Y AND LIVINGSTON, 1946) 

[UO2SO4] = O.IM 

[H2C2O4], M 

0,2 
0.1 
0.05 
0.025 
0.01 

7 x 1 0 ^ 

8.6 

'^-\ ) 6.0W 
4.3 
2.3(b) 

(^ 'Measured at two light intensi t ies 
about 4 X 10^^ and 2 x 1 0 * ^ quanta 
absorbed per cc per sec . 

^ ' In i t ia l r a t e , increas ing au toca ta -
lytically wi thformat ion of U(lV), 

Table 4,17 

QUANTUM YIELD OF U(lV) FORMATION 
( A F T E R M C B R A D Y AND LIVINGSTON, 1946) 

[UO2SO4] = O.OIM [H2C2O4] = O.OSM 

Medium 

0.04M H2SO4 
0.02M NaOH 
0.04M NaOH 

7 X 10^ 

7.4 
5,9* 
5.7* 

*Initial r a t e ; autocatalyt ical ly acce le ra ted . 

When a i r is admit ted, U(lV) is re -oxid ized . An illumination of uranyl 
sulfate solution in the p r e s e n c e of a i r therefore causes only a passing a p 
pea rance of the U(lV) bands. 

At tempts w e r e made to detect the p r e s e n c e of U(V) in the i r rad ia ted 
solution by us ing g reen light (510-600 mju) for scanning (it has been repor ted 
that U(V) sa l ts a r e r ed ) . However, no r e v e r s i b l e i nc r ea se in absorption in 
the g reen was noted during the i l lumination per iod. 



In the d iscuss ion of these r e s u l t s , McBrady and Livingston pointed 
out that in the exper iments of Biichi, and of Leighton and F o r b e s , the quantum 
yield of UO2""'" sensi t ized decomposi t ion of oxalic acid was found to be p r a c t i 
cally independent of oxalic acid concentrat ion if the la t te r was equal to or 
higher than, that of u ranyl (x^l) . The (small) yield of U(lV) formation in 
c r e a s e d in the s a m e regioji with increasing [H2C2O4]; this i nc rease is f o r e 
cas t by Eq. (68) which, however, r e l a t e s it to a change in [H"*"], r a the r than 
in [H2C2O4] (assuming the f i r s t d issocia t ion of oxalic acid to be complete , 
the second negligible) . This also p e r m i t s a single equation to cover the r e 
sul ts of exper iments with 0,04M H2SO4, 

McBrady and Livingston assumed that the l ight-absorbing spec ies 
is the complex [UO2"*' ( C 0 0 H ) 2 ] , o r , m o r e exactly, its monoposi t ive ion, 

[ U 0 2 ^ \ _ ^ P . T T ] . Here again the assunnption is made that the f i r s t acid 

ionization is comple te , the second negligible; the a l te rna t ive is to a s s u m e 
that the second ionization, too, is complete , because the complex probably 
is a much s t ronger acid than free oxalic acid. The f i r s t assumpt ion is used 
because it fits the exper imenta l r e su l t s somewhat be t ter (but not decisively 
so). 

When the initial concentra t ion of oxalic acid is low ( < 0 . 0 2 5 M ) , or 
when the acid is neut ra l ized by NaOH, or ^70% of the ini t ial oxalic acid 
had been decomposed, the autocatalytic effect of U(lV) becomes apparent , 
and the addition of the second t e r m in Eq, (68) becomes n e c e s s a r y . Under 
the s a m e conditions an "after-effect" becomes not iceable - formation of 
U(lV) by a f i r s t - o r d e r da rk react ion f rom a co lor less " p r e c u r s o r " formed 
in light. 

McBrady and Livingston gave a sequence of react ion which could 
account for the observed r e g u l a r i t i e s . The essen t ia l s teps a r e 

hv 
UO2C2O4 or (UO2HC2O4+) ^-^^^ — UO2C2O4* (69a) 

UO2C2O4* i—X [metastable molecule , or two rad ica l s 
such as UO^ and C2O4] (69b) 

r 

x< 

+ H2O—i^U02(OH)2 + CO2 + CO (sensi t ized d e c o m 
position) 

+ H + ' ^ ^ U O O H ' ' ' + 2CO2 

,^^ . UO; + H+ + 2CO2 (reduction to U(lV)) 

(69c) 

+ U 0 2 i i ^ A ^2U02 + 2CO2 (U(IV) catalysis) 



The metas tab le in te rmedia te X can r e a c t in (69c) ei ther by deconnposition 
of oxalate to CO2 and CO and regenera t ion of U(Vl), or by H"*" catalysed in ternal 
oxidat ion-reduct ion, yielding U(lV) and CO2, or with U(lV) to bring about 
"autocatalyt ic" formation of m o r e CO2 and U(lV), 

The spec ies of the molecules used in these equations a r e tentat ive. 
The react ion leading to UO2 is formulated so as to explain the st imulation 
of the oxidat ion-reduct ion by acidi ty. 

Eqs . (69a, b , c) give for the s teady ra t e of the react ion (i .e. , the 
r a t e establ ished after the concentra t ions of al l in termedia tes have become 
constant) : 

k, [H+] , k4 [UOOH"^] , , 
^ s t e a d y ^ i — ^ k ^ Fx^l ("̂ ^̂  

state ""' ^ ^̂  1 + [H+] tH+] 

in formal ag reemen t with the empi r i ca l Eq. (68), 

The long-lived in te rmedia te A is introduced to account for the 
"af ter-effect" in the dark. 

The mechanisna suggested is a lso consis tent with the resu l t s of 
Leighton and F o r b e s ; it is s t i l l , however , genera l and uncer ta in in mos t 
de ta i l s . 

(b) Higher Dibasic Acids - Malonic Acid (COOH-CH2-COOH). Fay 
(l896) a t tempted to study the photochemical decomposit ion of uranyl malonate 
but found that U02(OOC)2CH2-3H20, which he p repared from hot concentrated 
solutions of malonic acid and urany l n i t r a t e , was a lmos t insoluble in wa te r . 
This compound d i sso lves , however, in malonic acid or po tass ium malonate 
solution. Both solutions proved to be s table in svinlight, A dilute solution of 
uranyl oxalate and malonic acid decoinposed in sunlight, but very slowly. 

The decomposi t ion of malonic acid by uranyl ions in light was la ter 
noted by Ber thelo t and Gaudechon ( l 9 l 3 ) . 

P i e r c e , Leviton, and Noyes (l929) noted that addition of uranyl sulfate 
to a 0.05M malonic acid, in a quar tz v e s s e l exposed to the full light of a 
quar tz m e r c u r y a r c , inc reased considerably (e.g,, from 12,6 cc to 55 cc) 
the amount of l iberated gas . (in the absence of the sens i t i ze r , gas was p r o 
duced by d i rec t photochemical decomposi t ion of malonic acid.) In both 
d i r ec t and sensi t ized decomposit ion, 95-96% of the gas was carbon dioxide. 
Resul ts w e r e s imi l a r w i thPyrex - f i l t e r ed light (x>300 nxjj). Fig, 4,12 shows 
the effects on the r a t e of increased concentrat ion of uranyl ions, observed 
at constant malonic acid concentrat ion ( 0 , 0 5 M ) , and of increased malonic 
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acid concentrat ion observed at constant uranyl concentrat ion ( O . O I M ) . Curve II 
will be fur ther d iscussed below; curve I shows sa tura t ion with r e spec t to 
[U02"^] to occur (in a v e s s e l 5 m m deep, in 0.05M malonic acid) below 
2.5 X 10"^M; above 5 x 10"^M, the yield of decomposition fell off slightly. 
This can hardly be at tr ibuted to complete absorption of incident light. With 
[UO2 ] = 2.5 X 10"^M, for the absorpt ion in a 0.5 cm deep v e s s e l to exceed 
90%, the average absorpt ion coefficient, a , mus t be >10^. According to 
Table 2.8, this_is the case for the uranyl-malonic acid complex only below 
270 mjU, while X has been est imated by P i e r c e and co -worke r s to be, in 
their exper iments ,290 mjn without the P y r e x fi l ter , and 320 my. with the 
P y r e x f i l ter . It thus s e e m s that "uranyl sa tura t ion" mus t be at tr ibuted in 
this ca se not to connplete light absorpt ion, but to energy dissipat ion by 
UO "̂*"* + UO^+ in terac t ion . The decline of the yield above 10"^M UO^+ is 
in ag reemen t with this hypothesis . 

In four r uns , lasting 5-7 hours each, with no [U02"'^] added (3% light 
absorpt ion) , the quantum yield of d i r ec t decomposition of malonic acid ( 0 . 5 M ) 

was found to be 0.68, 0,71, 0.73, and 0,81, respect ively . In the p r e s e n t e of 
5 X 10"^M uranyl sulfate, the exper imenta l ly determined absorpt ion was 
27,6% (confirming the above es t imate that it mus t be incomplete); the quan
tum yields (averaged for 3,5-7.3 hour runs) were 0.25-0.27 in quar tz u l t r a 
violet light (X = 290 m/i) and 0,24-0.27 in Pyrex- f i l t e red light {x = 320 mju). 

Addition of 5 x 1 0 ~ ' M H2SO4 had no effect on the quantum yield, i n 
dicating that acid dissocia t ion of malonic acid was i r r e l evan t . 

According to Ghosh and Mit ter , the concentrat ion of the complex at 
O.OIM UO2SO4 is X = 80 (O.Ol-x) (0,01-x) = 0.0035, corresponding to only 
3 5% complexing. If this w e r e the explanation of the fact that the maximum 
quantum yield is only 0.27, further i nc r ea se in malonic acid concentrat ion 
should i n c r e a s e the yield. Since this was not found to be the case , it appears 
that reac t ion can occur not only by light absorption in the complex, but a lso 
by absorpt ion in a f ree uranyl ion and i ts subsequent encounter with a naalonic 
acid molecule , and that the low quantum yield is due to causes other than in 
complete complexing, such as p r i m a r y recombinat ion ("cage effect") (cf., 
however, the l a te r r e su l t s of P i e r c e , given below). 

In an a t tempt to analyze the re la t ion between UOJ"*" concentrat ion and 
yield, P i e r c e et a l . f i r s t used a s imp le equation 

_ d j m a l ^ n ^ ^ c i d ] ^ k,Io(l-10"k [UO++]d) + k2lolO"k [UO++]d (7l) 
dt 

whe re the f i r s t t e r m r e p r e s e n t s the u rany l - sens i t i zed , and the second t e r m , 
the d i rec t decomposi t ion of malonic acid. The bes t approximation could be 
achieved by assi iming kjlo = 1.00, k2 = 0.327 and kd = 0.64 (d = 2 cm, [UO2"'"] 
in m i l l i m o l e s / l i t e r ) . The value of k [320 (moles / l i ter )"^ cm"^] seems s o m e 
what high (cf. Table 2,8), but much of the light used was <330 m/i. 
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Eq, (71) does not explain the decline of the r a t e a t high [U02^] va lues . 

To account for this it was assumed that u ranyl -malon ic acid complexes can 
be de-act ivated by coll is ions with UOj"^ ions. The r e su l t i ng equation r e 
quired, however, a m o r e rapid decl ine than was ac tual ly observed . 

The effect of acid concentrat ion on the r a t e could be explained by 
coll is ion theory m o r e sa t is factor i ly than by the complex formation theory, 
but the s imple coll is ion formula [Stern-Volmer , Eq. (20)] did not fit the 
data exactly. The fit could be improved by adding a factor [U02"''"]/([U0j''"] + 
[acid]) accovmting for deactivation of excited UOj ions by encotinters with 
non-excited uranyl ions . 

P i e r c e (l929) found that, in con t ra s t to the s i m i l a r react ion with 
oxalate , the photodecomposit ion of malonic acid sens i t i zed by uranyl sulfate 
has a marked t e m p e r a t u r e coefficient (QJO = 1.13 t 0.02) between 3° and 73°. 

He co r r ec t ed the statenment of P i e r c e , Leviton, and Noyes that no 
enhancement of absorpt ion is noticeable in u rany l -ma lona te m i x t u r e s ; this 
is only t rue a t the longer waves , while marked i n c r e a s e in absorpt ion o c 
cu r s a t 220-320 m/i [as noted in the e a r l i e r observat ions by Ghosh and 
Mit ter (l928) (cf. Table 2,8). 

P i e r c e a lso made new exper iments on the dependence of r a t e on 
UO^''' concentra t ion and confirmed the previous observa t ion that (at 
0.05M malonic acid, in the p r e sence of 0.0528M NaOH, in a 1,5 cm deep 
vessel) the r a t e reached sa tura t ion a t [UO2SO4]>0,0025M, New m e a s u r e 
ments a lso were made on the effect of var ia t ions in malonic acid concen t r a 
tion a t constant [UOj+] (Table 4.18). 

Table 4.18 

RATE OF SENSITIZED MALONIC ACID DECOMPOSITION 
(AFTER PIERCE, 1929) 

UOJ"*" = 0.0116M; NaOH = 0.0528M 

[malonic ac id] : 
re la t ive r a t e : 

0.0046 
0,45 

0.0092 
0.55 

0.023 
0.67 

0.046 
0.90 

Table 4.18 extends curve II in F ig . 4.12 and shows that sa tura t ion had been 
far from reached at O.OIM (the l imit of the ea r l i e r exper iments ) . It i s , 
however, not c lear whether the absolute r a t e (quantum yield) exceeded in 
this exper iment the maxinnum value of 0.27, found in the preceding in 
vest igat ion. 
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The r e s u l t s can be in te rpre ted on the bas i s of the complex theory 

by using the complexing constant ( K = 80) given by Ghosh and Mit ter . The 
p r ac t i c a l equality of r a t e s at [UO2"*"] = 0.025M and 0.01M,for 0.05M acid is 
then unders tandable , because U02^ complexing is 87% complete in the f i rs t 
c a se and 83% complete in the second one, while absorption is prac t ica l ly 
complete in both c a s e s . The effect of increased acid concentrat ion can also 
be explained by p r o g r e s s i v e complexing, e.g., in Table 4.18 complexing 
(with K = 80) m u s t have been 34% complete at [naalonic acid] = 0.0046 and 

^ 9 5 % complete at [malonic acid] = 0.046M. 

Succinic Acid (COOH-CH2CH2-COOH) - Seekamp (l865) noted that 
succinic acid decomposes in STinlight, in the p resence of uranyl n i t ra te , into 
carbon dioxide and propionic acid; a g r een precipi ta te [u(lV) succ ina te?] 
a lso is formed. Fay (l896) a t tempted to p r e p a r e uranyl succinate to study 
its decomposit ion in light, but the compovind obtained by evaporation of a 
solution of uranyl n i t r a t e and acid sodiuna succinate proved to be insoluble 
in wate r ; its solution in dilute succinic acid was photostable. The e x p e r i 
ments w e r e not pursued any fur ther . 

Neuberg and P e t e r s o n (l914) found no inc rease in alkalinity of a 
solution containing 1% potassivun succinate and 0.1% uranyl sulfate upon a 
17 day exposure to sunlight (while naarked changes were observed in analogous 
exper iment with ma l i c , c i t r i c , lactic and t a r t a r i c acid). 

The photodecomposit ion of succinic acid by uranyl ions was studied 
in some detai l only in a s y s t e m containing, in addition to u rany l ions as 
s e n s i t i z e r s , a lso methylene blue ( M B ) as ul t imate oxidant. Ghosh, Banerjee 
and Bhatta (l936) investigated the behavior of this sys t em in ul t raviolet 
l ight from a m e r c u r y a r c (X366 m/n, isolated by fi l ter) . They found that no 
change in [ M B ] occurs upon exposure to this light of a mix ture of 0.32M u r a 
nyl n i t ra te and 4 x 10"*M methylene blue, or of a mix tu re O.IM in succinic 
acid and 4 x 10~*M in nnethylene blue, but that the dyestuff was bleached 
( i .e . , presvimably reduced to the leuko base) upon having been exposed to 
light vinder exclusion of a i r in the p r e s e n c e of both uranyl ions and succinic 
acid. 

The r a t e of bleaching was found to be independent of acidity. T h e r e 
fore, the observed effect of changes in the concentrat ion of succinic acid 
could not be a pH effect. The r ec ip roca l of the r a t e proved to be a l inear 
function of the r ec ip roca l of succinic acid concentrat ion, (Fig. 4.13)jas ex
pected for competi t ion between mono-molecu la r deactivation of excited 
uranyl ions and the i r b imolecular reac t ion with succinic acid: 

d [ M B ] _ ka [succinic ac id] J_ 
dt b + a [succinic ac id] ' v - = ci + . :^ -r (72) 

[succinic acidj 



20 25 30 35 

1/ [succ in ic ac id ] 

g. 4.13. Rate of bleaching of methylene blue In methylene 

blue —succinate--uranyl mixture as function of oxalate 

concentration (after Ghosh, Bonerjee, and Bhatta, 1936). 
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The observed dependence of the r a t e on uranyl concentration was attr ibuted 
to the combined effects of changes in light absorpt ion and of "self-deact ivat ion," 
caused by encounters between excited and normal uranyl ions. The light 
absorpt ion by urany l ions is given approximately by the equation; 

Ai =Io [1-e "^I'^i ^^''z] e,c i"-i 
ei cj + ez cj 

(73) 

where the indices 1 and 2 refer to uranyl and methylene blue respect ively 
(assuming that the acid does not abso rb any of the light used) . As an example, 
w i t h e i = 17 and e^ = 2500, [UOt"*"] = 0.32 and [MB] = 4 x 10~*M, the a b s o r p 
tion by the (mostly complexed) UO2 was 85% of the total obsportion. 

Eq. (74), which accounts for self-deact ivat ion by the second terna in 
the denominator , was found to fit the expe r imen ta l data well (cf. Table 4.19): 

d [MB] 2.08 X 10"^ A. X 10-1* 
V = - — ^ ^ 1 + 17 [UOt+] "^^ l^ s /Uec . sq. cm.) (74) 

h e r e , A^ is the energy absorbed by UO^"'", expressed in e r g s / ( s e c . cm^). 

Table 4.19 

KINETICS OF BLEACHING OF METHYLENE BLUE IN 
MIXTURE WITH URANYL SALT AND SUCCINATE 

(AFTER GHOSH et a l . , 1936) 

ko = 2.08 X 10"^; [succinic acid] = O.lM: [MB] 
= 4 X 10-*M; IQ = 2732 e r g s / ( s e c . sq. cm.) 

[uo^] 

0.16 

0.12 

0.08 

0.04 

0.01 

Al, 
e r g s / ( s e c . sq. cm.) 

1676 

1426 

1083 

624 

175 

AMB/At X lO'i 
m o l e s / ( l i t e r x sec.) 

observed 

0.93 

0.88 

0.88 

0.77 

0.33 

calculated 
(Eq. 74) 

0.94 

0.96 

0.95 

0.77 

0.31 

Quantum 
yield, 

observed 

0.018 

0.020 

0.026 

0.040 

0.061 
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Both the observed dependence on [succinic acid] [Eq. (72)] and that 

on [U02 '̂'"] [Eq. (74)] a g r e e with those to be expected on the bas i s of the r e 
action mechan i sm: 

UO^++ hv^==l*(UO^+) (excitation and f luorescence) (75a) 

" U 0 ^ + _ ^ 2UO^"'' (self-quenching) (75b) 

k 
succinic acid—^-—\iO\ + oxidation products (75c) 

UOj + MB •-UOJ+ + reduced MB ( res to ra t ion of the 
sens i t izer ) (75d) 

which leads to theore t ica l Eq. (75), which includes (73) and (74) as specia l 
c a s e s : 

d[MB] _ Aik4 [succinic acid] 
dt (kz + k3)[Uol"+] + k4 [succinic acid] 

F r o m Vavilov's self-quenching exper iments on uranyl solut ions , it appears 
that k3 = 99 kz. The ra t io k4/k3 was a s sumed to be unity in a s imi la r in 
vest igat ion with mandelic acid as reductant (jj . 90), but had to be assi imed 
to be about 0.5 to account for the empi r i ca l value of the constants in Eq. (75). 
At a given acid concentra t ion, the quantum yields of the MB reduct ion by 
mandel ic acid were correspondingly higher (by a factor of 1.6). The rat io 
kt /kj appeared to b e ^ 5 0 . 

In the above discussion, as on s e v e r a l s imi la r occas ions , Ghosh 
d iscussed the kinetics of the photochemical p r o c e s s without r e fe rence to 
the complex formation from urany l ions and the organic photolyte, although 
e a r l i e r m e a s u r e m e n t s by Ghosh and Mit ter had indicated the extent of this 
associa t ion. The application of the react ion sys t em (7 5a-d) to a largely 
associa ted s y s t e m is somewhat doubtful - f i rs t , because it p r e s u m e s that 
a connplexj such as lUO^"^ • succinic acid [, only r eac t s if it encoiinters, 
after excitat ion, another molecule of the acid; and second, because the con 
centrat ion of this acid is assvuned to be equal to the total concentrat ion 
added, while it may be that only the f ree , unassocia ted acid molecules should 
be covuited. [it i s , however, not imposs ib le that for geomet r i ca l r easons the 
UOj"*"* ion in a complex can r e a c t with f ree acid molecu les , and with acid 
molecules in other complexes , but not with the acid molecule in its own 
complex.] 

uot"*"* 

(7 5) 
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3. SUBSTITUTED ALIPHATIC ACIDS 

3.1 Halogenated Acids - Uranyl sa l t s of halogenated aliphatic and 
a roma t i c ac ids , f i r s t p r epa red by Lobanov, were studied by Krepelka and 
Reso (1938) for the i r reac t ion to light. In solution, al l of them (uranyl a -
chloropropionate , uranyl j3 - chloropropionate , uranyl a - bromopropionate , 
uranyl j3 - b romopropionate , u rany l p -b romobenzoa te ) were fo\ind to decom
pose in u l t raviole t and, m o r e slowly, in vis ible light, show^ing changes in 
color , and precipi ta t ion. A li t t le e ther was added as a catalyst to acce le ra t e 
the decomposit ion. The aliphatic compounds gave U(lV) and carbon dioxide; 
a roma t i c compounds l ibera ted no carbon dioxide and formed no basic sa l t s , 
but instead decomposed into the corresponding hydroxy compounds (sal icylates) 
and hydrogen chlor ide . In visible light (in the presence of a l i t t le e ther) , the 
decomposit ion of the halogenated propionates was complete in 4-6 weeks; in 
u l t raviole t light, it reached 50-70% after 1-2 days but then appeared to stop. 
The chlorobenzoate was m o r e stable in light than the aliphatic compounds; 
jS-substituted compounds were m o r e stable than the a-subst i tu ted compounds. 

Ghosh and Ray (l936a) investigated the oxidation of monochloracet ic 
acid, CH2CI • COOH, by po tass ium permanganate in the p resence of uranyl 
sulfate in monochromat ic light (436 mji and 366 mji Hg lines isolated by 
f i l ters) . No react ion occur red in light with only two components p resen t , or 
with all t h ree components in the absence of light. The disappearance of 
KMn04 was followed by observing the absorpt ion at 540 vaji. In 366 m̂ Li light 
[2650 e r g s / ( s e c . cm^)] at 30°C in a 5 m m thick vesse l containing 5.1 x 10 *M 
KMn04, O.lM CHzCl-COOH, O.lM UO2SO4, and 2.5N H2SO4, permanganate 
was bleached at a constant r a t e of 1.5 x lO"** ( m o l e s / l i t e r ) / ( s e c cm ) for 22" 
hours . At 436 mju[930 e r g s / ( s e c cm )] in a solution containing 4.2 x 10-*M 
KMn04, 0.03M CH2CI • COOH, O.lM UO2SO4 and 3N H2SO4, the r a t e of d i s a p 
pearance of permangana te was 0.33 x 10"** (mo le s / l i t e r ) / ( s ec cm ). The 
ra t e in u l t raviole t light remained constant even after over one half of the 
initial quantity of KMn04 had d i sappeared , indicating that the react ion was 
sensi t ized by uranyl ions , and not brought about by d i rec t excitation of 
KMn04. (The amount of light avai lable to the uranyl ions did not change 
with t ime because the reduction products of KMn04 proved to have an un
changed absorpt ion capacity in the ul t raviolet . ) The ra te of light absorption 
by UO2 , designated as Aj , was calculated by multiplying the total absorpt ion, 
•^total- ^y *^^ factor : 

^ J O t + t ^ ^ ^ ' ^ / ( ^MnO; t ^ ^ ^ J ^ ^"U0t+ tUOt+]) 

where euot"'" i s the (natural) absorpt ion coefficient of uranyl ions d e t e r 
mined in the p r e s e n c e of ch lorace t ic acid, i .e . , complexed to a ce r ta in 
extent (See Chap. 2) with ch lorace ta te anions or molecules ( e = 10 at 366 my., 
e = 6.5 at 436 mju). The (natural) absorpt ion coefficients of KMn04 at the 
s ame wave lengths a r e 2000 (366 m/i) and 10 (436 m/i ). 
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The effect on the yield of the subs t ra te concentrat ion, [CH2CI • COOH], 

i s shown by Table 4.20. It shows that the react ion ra t e i s not "saturated" 
with r e spec t to the subs t ra te even at 0.2M; at that concentrat ion, the quantum 
yield is s t i l l below 0 .1 . According to Chap. 2, complexing of UO2''" should be 
prac t ica l ly complete under the conditions of Table 4.20; the react ion thus 
does not occur after each absorpt ion act in the complex, but appears to r e 
quire encounters of excited uranyl ions (or thei r complexes) with free acid 
anions. 

Table 4.20 

URANYL-SENSITIZED OXIDATION OF CH2CI • COOH BY KMn04 
(After Ghosh and Ray, 1936a) 

[KMn04] = 4.2 x 10-*M; [UO2SO4] = 0.087M 
[H2SO4] = 3N; t = 29°C; X = 436 mjLi 
Ifl = 1030 e r g s / ( s e c cm^), of which 
250 e r g s / ( s e c cm^) a r e absorbed by UO2SO4 

[CH2CI • COOH], M 

d [KMn04] „ ^QU . 
dt 

quantum yield : 

0.033 

0.34 

0.038 

0.05 

0.43 

0.048 

0.1 

0.57 

0.063 

0.2 

0.66 

0.073 

The effect of the concentrat ion of the sens i t i ze r , [UO'^^], was studied 
in the p r e sence of O.lM CH2CI • COOH and 4.2 x 10"*M KMn04, in 3N H2SO4, 
at 29°C. Table 4.21 gives the r e s u l t s . 

The observed d e c r e a s e in quantum yield with increas ing [UO2 ] can 
be r ep resen ted by the empi r i ca l equation 

d [KMn04] ^ kpAi /.^^^ 
dt 1 + 9.08 [UOt+] 

where Ai is the amount of light energy absorbed by urany l ions . The cause 
of self-deact ivat ion may be sought, a s before , in deact ivat ion by encounters 
of (UO2 )* ions with n o r m a l UO2 ions (or in the format ion of d i m e r i c 
uranyl ions) . 

Incident light intensi ty (at 366 my) was va r i ed between 2650 and 
4190 e r g s / ( s e c cm^) and found to have no influence on the quantum yield. 
The t e m p e r a t u r e coefficient was slightly > 1 (1.02 and 1.04 between 30°C 
and 40°C, in 0.067 and 0.0335M UO2SO4, respec t ive ly) . 
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T a b l e 4 .21 

QUANTUM YIELD O F U R A N Y L - S E N S I T I Z E D OXIDATION OF 
C H L O R A C E T I C ACID BY P E R M A N G A N A T E 

(After G h o s h and R a y , 1936a) 

1 

[U02S04] , 
M 

0.0218 
0.0436 
0.0653 

0.0871 
0.1511 
0.2267 

0.0218 
0.0436 
0 .0653 

0.0871 
0.1511 
0.2267 

N o . of q u a n t a 
a b s o r b e d p e r 

s e c p e r 
cm^ X 10"^^ 

1 
(a) Inc iden t i n t e n s 

1.57 
3.0 
4 .3 

5.5 
8.3 

11.9 

(b) I nc iden t i n t e n s 

5.3 
10 
14 

18 
28 
36 

d[KMn04] „ 
dt 

o b s . 

i ty = 1030 

0.26 
0.38 
0.47 
k = 4 . : 
0.57 
0.68 
0.70 

i ty = 3360 

1.02 
1.47 
1.89 

c a l c . 

e r g s / (sec 

0.24 
0.40 
0.49 

X 10"^ 
0.57» 
0.65 
0.70 

e r g s / ( s e c 

0.94 
1.50 
1.88 

ko = 3.9 X 10"^ 
2 .05 
2 .29 
2.45 

2.12 
2.40 
2.45 

Q u a n t u m y 

7 

cm^) aXX -

0.10 
0.077 
0.067 

0.063 
0.05 
0.036 

cm^) a t X = 

0.12 
0.09 
0.082 

0.07 
0.05 
0.042 

ield 

436 m\i 

336 my. 

A s a p r o b a b l e m e c h a n i s m of t h e s e n s i t i z e d r e a c t i o n , Ghosh and R a y 
s u g g e s t e d - i n a g r e e m e n t wi th t h e c o n c e p t s u sed e l s e w h e r e in t h i s c h a p t e r -
p r i m a r y p h o t o x i d a t i o n of c h l o r a c e t i c ac id by exc i t ed u r a n y l i o n s , fol lowed 
by r e - o x i d a t i o n of r e d u c e d u r a n y l [in t h e U(lV) o r U(v ) s t a t e ] by p e r m a n g a 
n a t e . T o a c c o u n t for t h e d e c r e a s e of the q u a n t u m y ie ld a t h i g h e r u r a n y l 
c o n c e n t r a t i o n s , a d e - a c t i v a t i o n r e a c t i o n b e t w e e n (UO2 )* and UO 2 w a s 
assunr ied . T h e s e t of r e a c t i o n s 

k * I 
++\* UOt+ + hv . (U01+) 

kz 

U O t + * + UO2 5—-2UO2 

U O t + * + CH2CI • COOH ^^ *-U(v) + ox ida t ion p r o d u c t s 

U(V) + KMn04 — .++ 
l e a d s to t h e r a t e equa t i on 

d [KMn04] 

• -UO2 + r e d u c t i o n p r o d u c t s 

Aik4 [CH2CI -COOH] 
dt N h v (k2 + k3 ) [UOt+] + k4 [ C H z C l - C O O H ] 

(77a) 

(77b) 

(77c) 

(77d) 

(78) 



where l /Nhv is the number of e ins te ins in one erg of the light used (Aj was 
m e a s u r e d in e rg s ) . F r o m Vavilov's exper iments on the self-quenching of 
uranyl f luorescence , the au thors take k3 = 99k2. If reac t ions (77b) and (77c) 
occur after the f i r s t , or , m o r e genera l ly , after the same number of coll ision, 
k4rH.k3, and thus k4 a l so O:^ 99k2. Transformat ion p roves that the factor b e -

+ + ^4 
fo re [UO2 ] m u s t b e e q u a l to , -. p TT. — —T~ • Wi th 

*• k2 + k4 [ m o n o c h l o r a c e t i c a c i d ] 
k4/k2 = 99 in O . lM a c i d , t he c a l c u l a t e d v a l u e of t h i s f a c t o r i s 9 .08, in a g r e e 
m e n t wi th the e m p i r i c a l v a l u e . T h i s i n d i c a t e s a p p r o x i m a t e v a l i d i t y of the 
a s s u m p t i o n k4^:iik3. 

T h e e x p l i c i t m e a n i n g of the e m p i r i c a l c o n s t a n t k^ in (76) i s 
ko = k4 [ac id] /Nhv(k2 + k4 [ac id] ) . 

3.2 H y d r o x y and T h i o A c i d s - G l y c o l i c ac id (CH2OH ' COOH). The 
u r a n y l - s e n s i t i z e d d e c o m p o s i t i o n of g l y c o l i c ac id w a s f i r s t o b s e r v e d by 
B a u r (1913) . A m i x t u r e 0 .3M in g l y c o l i c ac id and 0 .016M in UO2SO4 w a s 
i l l u m i n a t e d for 16 h o u r s w i th a q u a r t z l a m p . The u r a n y l s a l t w a s foxind to 
be r e d u c e d wi thou t g a s evo lu t i on and g l y c o l i c ac id o x i d i z e d to an a l d e h y d e 
( p o s s i b l y , g lyoxa l i c a c i d , CHO • COOH, o r f o r m a l d e h y d e , H2CO). When 
p o t a s s i u n a g l y c o l a t e w a s s u b s t i t u t e d for f r e e a c i d , n o U(lV) w a s f o r m e d , 
bu t the i l l u m i n a t e d so lu t i on n e v e r t h e l e s s gave the a l d e h y d e r e a c t i o n , i n d i 
ca t i ng t h e f o r m a t i o n of a n a l d e h y d e by s e n s i t i z e d d e c o m p o s i t i o n of g l y c o l a t e , 
e . g . . 

uol C H 2 0 H - C 0 0 H ^^—^—^ HCOOH + H2CO (79) 
light 

In a second paper (1919) Baur in te rp re ted the formation of f o r m 
aldehyde from glycolic acid and the effect of m e r c u r i c chlor ide on th is r e 
action by an "e lec t rochemica l" scheme: 

. +6N++ r+ C H 2 0 H - C 0 0 " + OH- CO2 + H2O + H2CO^ +6 
^ ' " U 2HgCl2 2HgCl + 2 C r J 

^ (80) 

This s imul taneous react ion of a l ight-exci ted ion with an oxidant and 
a reductant can, of c o u r s e , be rep laced by two success ive r eac t ions , such as : 

U+^* + CHzOH-COO" + OH" U+* + CO2 + H2O + H2CO 
(81a) 

U+* + 2HgCl2 2HgCl + U"*"̂  + 2 C r (81b) 

Courtois (1923) observed that , in sunlight, U02'^ ions reac ted with glycolic 
acid, in the p resence as wel l as in absence of a i r , with reduction to U(lV) 
compounds and formation of a p rec ip i ta te which f i r s t was yellow and then 



81 

became green . The i l luminated solution smelled of formaldehyde; gas 
(carbon dioxide) was evolved. Courtois suggested that the green precipi ta te 
was uranous fo rmate . The reac t ions of uranyl ions and glycolic acid can 
thus be tentat ively summar ized a s follows: 

4CH2OH • COOH ^ 4H2CO + 4HCOOH (sensi t ized decomposition) 
(82a) 

CHzOH-COOH + UOf"* H2CO + U"*"* + CO2 + 2 0 H -

(oxidor eduction) (82b) 

4HCOOH + U"*"* U(COOH)4 + 4H"'' (precipitation) (82c) 

5CH2OH • COOH + UQ++* light 5H2CO + CO2 + U(COOH)4 + 2H2O + 2H+ 
(82) 

It is noteworthy that no s imple sensi t ized decarboxylat ion: 

TTQ++ 
C H 2 0 H - C 0 0 H , I,- CH3OH + CO2 (83) 

^ light 3 ^ \ / 

( s i m i l a r to those observed in the case of ace t ic , oxalic, and other non-
substi tuted acids) has been repor ted ; it looks as if the hydroxyl group is too 
easi ly oxidizable to survive the oxidation of the carboxyl group to free carbon 
dioxide without being itself oxidized to a carbonyl group. 

More recent ly , Baur (1936) gave F ig . 4.14 for the t ime course of 
decomposi t ion of glycolic acid and glycolate by uranyl sulfate in the p resence 
of m e r c u r i c chlor ide a s "depo la r i ze r . " 

Deternnination of the amounts of Hg2Cl2 and H2CO formed showed 
exact equivalency of the two produc ts , indicating that in this case photo
chemica l oxidat ion-reduct ion proceeded prac t ica l ly without in terference by 
the sensi t ized decomposi t ion. 

It will be noted that the r a t e of reac t ion was much higher in sodium 
glycolate than in glycolic acid, indicating that the glycolate ion ( ra ther than 
the glycolic acid molecule) may be the main react ing spec ies . 

Observa t ions on the decomposit ion of thioglycolic acid by light in the 
p r e s e n c e of uranyl ions were made by Krepelka and Reso (1938); SO2 and 
H2S were found to be l ibera ted in this reac t ion . 

Lac t ic acid (CH3 • CHOH • COOH) - The photodecomposition of lactic 
acid, sens i t ized by uranyl ions , was f i r s t noted by Bacon (1907). He said 
that it gives carbon dioxide and acetaldehyde; and that the products may 
a l so include formic acid (CH3 • CHOH • COOH CH3CHO + HCOOH). 
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Neuberg (I9O8) a l so noted that acetaldehyde is formed in UO2 solutions 

containing d, 1-lactic acid upon exposure to sunlight. Neuberg and P e t e r s o n 
(1914) fotmd that 17 days of exposure to sunlight changed the react ion of a 
solution 1% in sodium lactate and 0.1% in uranyl sulfate from alkaline 
(0.2 cc O.IN H2SO4 requi red for neut ra l iza t ion of 5 cc) to acid (1.2 cc O.IN 
NaOH requ i red for the same purpose) . 

Courtois (1914, 1923) stated that cold, sa tura ted aqueous solutions 
of uranyl lac ta te a r e stable in d a r k n e s s and diffuse light, but decompose in 
d i rec t sunlight. If a i r i s p re sen t , the solution becomes f i rs t green, then 
brownish, but no prec ip i ta te appea r s until after 4-5 days, when a violet 
hydroxide is formed, and the solution becomes a lmos t co lo r l e s s . In the 
absence of a i r the solution a l so becomes green , and some gas bubbles a p 
p e a r ; bas ic U(lV) sal t i s precipi ta ted in about 10 days . The gas evolution 
is smal l and cons i s t s of carbon dioxide, an aldehyde odor appears , and 
formic acid can be identified in the solution. 

Bolin (1914) invest igated the re la t ion of oxidat ion-reduction to 
sensi t ized decomposi t ion in the lact ic acid photolysis by uranyl sulfate in 
light. To prevent the precipi ta t ion of bas i c uran ium sa l t s (carbonate, 
l ac ta te , etc.) or U(Vl) hydroxides , acid solutions were used (the na tura l 
acidity of uranyl sulfate was sufficient). 

The aldehyde produced was t i t ra ted with sulfite and iodine, U(lV) 
with permanganate (after r emova l of lact ic acid). 

The ra te of formation of U(lV) and aldehyde was found to be the 
same at 20°C and 30°C (0.87N lactic acid, 1.6 g UOt"*" sulfate, 60 min ex 
posure to carbon a r c light). 

No d i r ec t photodecomposit ion of lact ic acid occurred in a r c light in 
the absence of uranyl ions , and no t h e r m a l decomposit ion could be detected 
in the da rk in 2 days in the p r e s e n c e of uranyl sulfate. 

In solutions of free lact ic acid, the quantity of U(lV) formed was 
2-3 t i m e s l a r g e r than that of aldehyde. In sodium lactate solutions, on 
the other hand, the two products were formed in approximately equivalent 
quant i t ies . 

F ig . 4.15 shows dependence of the ra te of decomposit ion on [UO2 ] 
(% UO2SO4 in 0.87N sodium lacta te) . The curve approaches saturat ion, at 
> 10% (complete absorpt ion?) . 

The equivalency of A U(lV) and A CH3CHO indicates oxidation 
according to the equation 

CH3 • CHOH • COOH + UOt"*^ + 2H+ ^ CH3CHO + CO2 + 2H2O +U+* 

(84) 
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As a check, the quantity of carbon dioxide a lso was determined and 
found to be about 5% in excess of that calculated from Eq. (84). In another 
exper iment , in sunlight instead of a r c light, the excess was 15%. 

The lactate concentrat ion was without effect on the yield in the range 
0.22 to 0.87M. 

The t ime course of the react ion (initial composition: 0.8 g UO2SO4 in 
40 cc 0.87N lactate) showed a gradual slowing down (at the end of 12 hours , 
to about 1/10 of the init ial r a t e ) . At that t ime about 0.8 mole lactic acid 
was decomposed for 1 mole U0 2"'̂  p re sen t . This resul t , too, indicates the 
p r ac t i c a l absence of photocatalysis . 

All these exper iments were c a r r i e d out in the absence of a i r . In the 
p r e sence of oxygen, the U(lV) is re -oxid ized and the react ion is converted 
to sensi t ized autoxidation. The r a t e of the la t te r i s approximately constant 
for 6 hou r s . 

Miiller (1926) m e a s u r e d the quantum yield of this react ion (O.IN 
NaOH neut ra l ized lact ic acid, O.OIM UO2SO4) in a g lass vesse l , in the total 
light of a quar tz m e r c u r y lamp, assuming 402.5 m.y a s average wavelength. 
In 95 min , 4.47 x 10^' quanta were absorbed and 4.24 x 10^^ acetaldehyde 
molecules were formed, indicating a quantum yield of 7 = 0.95. As a 
control , the m e a s u r e m e n t was repeated using an oxala te-uranyl sulfate 
mix ture as actinonneter; the compar ison of the ra te of the decomposition of 
the two s y s t e m s (both in quar tz ves se l s ) led to a p rac t i ca l identity of the 
quantum yie lds . With Biichi 's value (p. 48) of 7^:^1.0 for the uranyl oxalate 
sys t em, this appeared as confirnnation of the above value of 7 for lacta te , 
but we r eca l l (cf. p.59) that subsequent invest igat ions have given for the 
"ac t inometer" sys t em a quantum yield of about 0.6, r a the r than 1.0. 

T a r t a r i c acid (COOH • CHOH • CHOH • COOH) - T a r t a r i c acid was f i r s t 
observed to decompose in light in the p re sence of u ran ium compoxinds by 
Seekamp (1894). He noted that a 5% solution of t a r t a r i c acid in which 1% 
"uran ium oxide" had been dissolved evolves gas and becomes green upon 
exposure to light. After prolonged exposure ( severa l months) , aldehyde 
could be dist i l led fronn the i l luminated solution; the res idue had a c h a r a c 
t e r i s t i c sme l l and was found to contain mal ic and succinic acid and an un
de termined Cu++ reducing compound. 

Fay (1896) a lso noted that when t a r t a r i c acid solution containing 
uranyl n i t ra te was exposed to sunlight, it turned green , and after some 
t ime a l igh t -green salt precipi ta ted out. He observed no gas evolution. 
The formation of the prec ip i ta te was strongly acce le ra ted by heat; it formed 
mos t readi ly in an equimolar nnixture of U 0 2 ( N 0 3 ) 2 and t a r t a r i c acid. Upon 
standing the g reen prec ip i ta te r e -d i s so lved to an amber solution. An attempted 
ana lys is of the p rec ip i ta te was inconclusive. 
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Bacon (1907) said that carbon dioxide and pyruvic acid, CH3 COCOOH, 
a r e among the products of u rany l - sens i t i zed photodecomposition of t a r t a r i c 
acid. The pyruvic acid was identified by the melting point of i t s phenyl-
hydrazone. 

Neuberg (I9O8) found that d - t a r t a r i c acid exposed to sunlight in the 
p r e sence of uranyl ions gives glyoxalic acid and keto ac ids . The products 
reduced Fehling solution in the cold; they showed a ve ry strong react ion 
with naphthoresorc in and had a mixed c a r a m e l and fruity odor. 

Eu le r and Ryd (l913) noticed that the p resence of uranyl ions a c c e l 
e r a t e s the decomposit ion of t a r t a r i c acid by ul t raviolet light. 

Neuberg and P e t e r s o n (1914) nnieasured the change in the alkaline 
t i te r of solutions of the sa l t s of organic acids upon exposure to sunlight. 
A solution of 0.1% uranyl sulfate, containing 1% N a - K - t a r t r a t e , showed, 
after 17 days exposure , a marked inc rease in alkalinity, probably because 
of the loss of CO2 (1.4 cc O.IN H2SO4 were requ i red to neu t ra l ize 5 cc of the 
solution after exposure , in cont ras t to 0.05 cc before exposure ; a sample 
left in the dark showed no appreciable change). 

Courtois (1914, 1923) observed that the photochenaical decomposit ion 
of t a r t r a t e by uranyl ions p roceeds differently in the p resence and in the 
absence of a i r . Without a i r , the solution became troubled, acquired a 
yel lowish-brown color and formed, in 3-4 days , a yellowish prec ip i ta te of 
bas ic sal t ; l a t e r , gas evolution began. In a i r , the bas ic sal t t r ans fo rmed 
itself into a hydroxide, which was at f i r s t brown and then became violet 
(U3O8 hydrate) . 

According to Hatt ( I9I8) , acid solutions containing uranyl sulfate 
and t a r t a r i c acid become brown and develop gas in light; alkaline solutions 
a lso show reduction of UÔ "*̂  to U(lV) (color change and prec ip i ta t ion! ) , but 
l ibera te no gas . 

Hakomori (1927), who f i rs t found spect roscopic evidence for the 
formation of a uranyl t a r t r a t e complex, a l so noted that uranyl t a r t r a t e 
solutions a r e l igh t -sens i t ive , darkening in color (apparently due to the 
formation of a colloid) and forming a white prec ip i ta te in light; the p r e s 
ence of U(lV) could be proved in the product. Complexing was a lso ind i 
cated by an inc rease of the specific ro ta tory power of a sodium t a r t r a t e 
solution (e.g., from 30° to 170°) by the addition of u ran ium sulfate. Rotatory 
power d isappeared completely after prolonged exposure to light. 

The uranyl t a r t r a t e complexing equi l ibr ium was m e a s u r e d s p e c t r o -
scopical ly by Ghosh and Mit ter (cf.. Chap. 2 ). It was again confirmed by 
Rama Char (1942), who m e a s u r e d the optical rotat ion in uranyl n i t r a t e -
t a r t a r ic acid m i x t u r e s . Addition of uranyl n i t ra te hexahydrate to a solution 
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of d- or 1 - ta r ta r ic acid enhanced the rotation; the maximum effect was 
reached at [UOt"*"] : [ t a r t a r i c acid] = 4. Assuming that the observed 
average rotat ion, R, is additive: 

R R , [complex] + R . , [ t a r ta r ic acid] 
complex "• ^ •• t a r t r a t e 

the complexing constant K 

[complex] , . 
K = . (85) 

[UOt+] [free acid] 

can be calculated, e.g. , from a set of R nneasurements at constant total 
t a r t r a t e concentrat ion ( [ ta r ta r ic acidjo = [ t a r t a r ic n i t ra te ] + [complex]). 
An average value of K = 10.2 (individual values from 9-5 to 11.6) was 
der ived f rom such m e a s u r e m e n t s . This i s not too different frora K = 20, 
the spec t roscopic value of Ghosh and Mit ter (Table 2.7). (it must be kept 
in mind that K mus t depend on ionic s t rength, as well as on pH - t h e la t ter 
because of ionic dissocia t ion equi l ibr ia of the acid and of the complex.) 

In light, Rama Char found UO2 to be reduced to U"*"* and t a r t a r i c 
acid to be oxidized. He observed this react ion by U(lV) determinat ion 
with permangana te . At al l the wave lengths studied (313, 406, and 436 my), 
the ra te was found to obey the equation 

, d[U(lV)] I^ [tartrate]o 
+ = 20.52 x 10 ° X — \iib) 

dt 0.2 + [tartrate]o 

where I^ is absorbed energy in e r g s . The conditions were : 

[UOt+]o : 0.125-0.500; [ t a r t a r ic acid] : 0.063-0.500; t = 28°C; pHr:^=il 

No difference was found between r - , 1- and d -ac ids ; the re was no 
effect of c i r cu l a r polar iza t ion (d or l ) of the light. 

The quantum efficiencies, 7 , a r e shown in Table 4.22. The form of 
Eq. (86) indicates a simple competit ion between monomolecular d e 
activation of excited UO2 ions (or, r a the r UOt A" complexes) and an 
oxidat ion-reduct ion reac t ion , with a ra t io of 0.2 between the two ra te con
s tan t s . The absolute quantum yields found (up to<^5) seem to indicate a 
chain reac t ion (it is a s sumed that complexing is complete which should not 
be c o r r e c t for the lower A values , and that the react ion r equ i r e s the en
counter of an excited complex with a second acid molecule) . The effect of 
wave length (decreas ing yield with increas ing wave length) is in the direct ion 
explicable by the "cage effect" (grea te r probabil i ty of escape from p r i m a r y 
back reac t ion within the "cage" when the excess energy of the photochemical 
products i s h igher) . 



Table 4.22 

QUANTUM YIELD OF THE URANYL-TARTRATE REACTION 
(After Rama Char , 1942) 

28°C, pH = 0.9 to 1.2 

C o n e , m o l e s / l i t e r 

[ t a r t a r i c acid] 

0.50 
0.25 
0.125 

[uot+] 1 

0.50 
0.25 
0.125 

7 of U(IV) formation at X 

313 my 

4.7 
3.6 
2.5 

406 my 

3.6 
2.8 
2.1 

436 my 

3.4 
2.6 
1.8 

Malic Acid (COOH • CH2 • CHOH • COOH). Bacon (1907) said that 
uranyl- induced photodecomposition of mal ic acid yie lds carbon dioxide and 
acetaldehyde, together with unknown produc ts ; he suggested that the f i r s t 
react ion step is the decarboxylat ion of mal ic acid to lact ic acid, followed 
by the decomposit ion of the la t te r into acetaldehyde and (perhaps) formic 
acid. 

Neuberg (1908) observed that , in sunlight, a mix ture of uranyl 
sulfate and mal ic acid gave a product which reduced Feh l ing ' s solution in 
the cold. The reac t ion with naphthoresorc in was f i r s t posi t ive, l a t e r nega
t ive . Phenylhydrazine gave a sma l l amount of osazone of hydroxy pyruvic 
acid (or of the half-aldehyde of mesoxa l ic acid). 

The same reac t ion was a l so observed by Neuberg and P e t e r s o n (1914). 
A solution of 0.1% uranyl sulfate and 1% potass ium lac ta te , which requi red 
for i t s neut ra l iza t ion 0.4 cc O.IN H2SO4 per 5 cc , became m o r e alkaline after 
eight days exposure to sxin (1.9 cc H2SO4) and after 17 days requ i red as nnuch 
as 2.3 cc H2SO4 (CO2 l o s s ! ) . In the darkened control sample , the alkalinity 
was prac t ica l ly vinchanged. 

Ci t r ic acid (COOH • CH2 • COH • COOH • CH2COOH). Seekamp (1894) 
found that c i t r i c acid behaves in the p r e sence of uranyl s imi l a r ly to t a r t a r i c 
acid; gas evolution se ts in in sunlight, the solution becomes green and acqu i res 
a pecul ia r odor. After s e v e r a l months , acetone could be obtained by d i s t i l 
lation; the following decomposit ion equation 

[uot+ 
C^HgO, ^ CH3COCH3 + HOOC • COOH + CO2 

^ ' light 

was tentat ively suggested. 

(87) 
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Neuberg (1908) noted that c i t r ic acid solutions containing uranyl ions 

produce , in sunlight, a substance which reduces Fehl ing ' s solution and a c 
quire a fruity odor. Neuberg and P e t e r s o n (1914) found that 17 days of 
exposure to sunlight inc reased somewhat the alkalinity of a solution, 0.1% in 
po tass ium c i t ra te and 0.01% in uranyl sulfate, so that 2.2 cc O.IN H2SO4 were 
requ i red for neutra l iza t ion of 5 cc instead of the init ial 1.3 cc. 

Courtois (1914, 1923) foiind that cold, sa turated 20% solutions of 
uranyl c i t ra te a r e somewhat unstable even in the dark, giving, after some 
t ime , a yellow prec ip i ta te of bas ic salt . In sunlight, one observes f i r s t (in 
2-3 days) a yellow prec ip i ta te ; then the solution becomes brown, and the 
prec ip i ta te slowly t r a n s f o r m s itself into violet U3O8 hydrate . After one day 
in the sun, cons iderable amoiuits of carbonic acid begin to be evolved. 

Hatt ( I9I8) noted that acid solutions of uranyl sulfate and c i t r ic acid 
become brow^n in light and develop a gas which is probably CO2 (since no 
gas is evolved in alkaline solution). Concentrated alkaline solutions of UO"̂ "*" 
and c i t r i c acid cannot be obtained because of insolubility of complex sa l t s ; 
di lute, a lmos t co lo r l e s s alkaline solutions a r e stable in the dark but form a 
white prec ip i ta te in light. 

3.3 K e t o A c i d s . G lyoxy l i c ac id (CHO • COOH) - B a u r (1936) o b s e r v e d 
t h e p h o t o d e c o m p o s i t i o n of g lyoxy l i c a c i d s e n s i t i z e d by u r a n y l su l fa te w i th 
m e r c u r i c c h l o r i d e a s " d e p o l a r i z e r " ( u l t i m a t e oxidant ) in sun l igh t and in 
i n c a n d e s c e n t l igh t . He m e a s u r e d the p r o g r e s s of r e a c t i o n for 10 h o u r s in 
a s y s t e m c o n s i s t i n g of 10 cc 1.6% N a g l y o x y l a t e , 5 cc 4 .22% UO2SO4, 
8 cc 0 .2M HgCl2, and 5 cc w a t e r , b y Hg2Cl2 d e t e r m i n a t i o n s . The r e a c t i o n 
showed i n i t i a l i nh ib i t ion , w h i c h cou ld be r e p r e s e n t e d by the equa t ion 
A [Hg2Cl2] = A ( l - e ~ b t ) , w h e r e t i s t i m e and A(=108) and b(=0.426) a r e 
c o n s t a n t s . T h e g a s evo lved w a s p u r e c a r b o n d iox ide , so t h a t the n e t r e 
a c t i o n a p p e a r e d t o be 

UO2SO4 , , 
C H O - C O O H + 4HgCl2 + H2O =—^ 2CO2 + H C l + 2Hg2Cl2 (88) 

l igh t 

No f o r m a l d e h y d e w a s found a m o n g the p r o d u c t s . 

P y r u v i c ac id (CH3COCOOH). B a c o n (1907) o b s e r v e d t h a t s o l u t i o n s 
of u r a n y l a c e t a t e c o n t a i n i n g p y r u v i c ac id d e c o m p o s e in l igh t , evolv ing c a r b o n 
d iox ide and f o r r a i n g n - b u t y r i c and i s o b u t y r i c a c i d . 

3.4 Aromat ic Acids - Very l i t t le work has been done on uranyl 
sensi t ized photodecomposit ion of a roma t i c ac ids , with the exception of 
mandel ic acid. 
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Benzoic acid, C^HgCOOH, and Salicylic acid, C 6 H 4 ( 0 H ) COOH. Courtois 

(1923) foxind that uranyl benzoate solutions a r e not decomposed by exposure 
to sunlight. A yellow bas ic salt p rec ip i ta te is formed ve ry slowly, both in 
light and in the dark . 

Uranyl sal icylate solut ions, according to Courtois (1923), a lso a r e 
stable in sunlight. It will be reca l led that, according to Krepelka and Reso 
(1938), pa ra -b rombenzo ic acid, too, i s m o r e stable agains t u rany l - sens i t i zed 
photoxidation than the corresponding aliphatic ac ids . 

Courtois found that uranyl benzoate can be decomposed by light if it 
is dissolved in ethanol. A violet p rec ip i ta te of hydrated U3O8 is formed; it 
becomes yellow ( i .e . , is converted to UO3 • 2H2O) by washing with cold water . 
Uranyl sa l icyla te , however , proved to be stable in sunlight even in alcoholic 
solution. 

Mandelic acid (phenylglycolic acid) C^Hg • CHOH • COOH. Bacon (1907) 
found that mandel ic acid decomposed rapidly when exposed to svmlight in the 
p r e s e n c e of uranyl ace ta te . Benzaldehyde and benzoic acid were produced in 
considerable amounts , the la t te r pe rhaps as a secondary product of photo
chemica l oxidation of the fo rmer . 

Ghosh and c o - w o r k e r s (1935, 1936) investigated the photoxidation of 
mandel ic acid sensi t ized by urany l sulfate in the p r e sence of methylene blue 
( M B ) or b romine as ul t imate oxidant. 

Ghosh, Narayanmur t i and Roy (1935) used methylene blue. It was 
added to a mix ture of uranyl n i t ra te and mandel ic acid. Upon exposure of 
the mix tu re , without methylene blue, to monochromat ic m e r c u r y a r c light 
( X436, 366, 313 + 334, or 254 mjU, isolated by f i l te rs ) , uranous salt was 
formed and benzaldehyde odor appeared . Addition of methylene blue ( M B ) 
led to re-oxidat ion of U(lV) to U(Vl), leaving sensi t ized oxidation of m a n 
delic acid by MB as the net r e su l t of i r rad ia t ion . The bleaching of MB 
could be followed spectrophotonnetr ical ly at 540 m/Li without marked i n t e r 
ference by uranyl . 

No change of [MB] was observed upon i r rad ia t ion of uranyl n i t r a t e 
(O.lM) + MB (4 x 1 0 ~ * M ) or mandel ic acid ( O . I M ) + MB (4 x 1 0 " * M ) or 
upon mixing al l t h r ee ingredien ts in the dark . Upon i l lumination of the 
t e r n a r y sys t em, no react ion was observed in six hours at 546 m/i (where 
MB alone absorbs ) ; at the other wavelengths, the bleaching proceeded 
rapidly after an init ial induction per iod. The ra t e of d i sappearance of MB 
continued increas ing for s eve ra l hou r s . This was found to be due not to 
autocatalyt ic effect of the product , benzaldehyde, but probably to the p r e s 
ence of oxygen; r emova l of oxygen made the r a t e uniform and shortened 
(but not ent i re ly suppressed) the induction per iod . 
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The observed extinction coefficients a r e shown in Table 4 .23. 

Table 4.23 

EXTINCTION COEFFICIENT OF UOt"*" + MANDELIC ACID MIXTURES 
(After Ghosh et a l . , 1935) 

X{my): 

(*) 4.-1. 

e ^ 'UOt"*" n i t r a t e : 
e (same + excess 

mandel ic acid) : 

e -
MB 

436 

6 .5 

15 

very 
low 

365 

6.6 

20 

2500 

313 + 334 

50 

9,000 

254 

high 

1200 

13,000 

na tu ra l , not decadic extinction coefficients; whether or not these 
va lues , s imi la r ly and those of Ghosh and Mit ter , requi re the 
co r rec t ion noted is not c l e a r . 

In the calculat ions of the light absorbed by uranyl ions, the higher values 
found in the p r e s e n c e of exces s mandel ic acid were used; these values 
p resumably cor respond to complete complexing. The kinetic mechan i sm 
was d i scussed as if no complexing occur red . 

The constancy of the ra te with t ime (d [MB]/dt = 0.127 x 10"^ in the 
f i r s t 44 minute per iod, with [MB]o = 37 x 10"^M; d [ M B ] / d t = 0.135 x lO"^ 
during the thi rd 45 minutes with [MB]o = 27 x 10~^) was taken a s implying 
that the absorpt ion (at 365 mju) was the same for MB and the leuco base (so 
that the amoxint of light apport ioned to uranyl r e m a i n s unchanged by the 
bleaching of the MB), a conclusion which d i sag rees with the actual r e l a t ion
ships (cf. Epstein , Karush and Rabinowitch, 194l) . 

The ra t e was found to be independent of acidity (addition of O.IN HNO3 
had no effect). The effect of mandel ic acid concentrat ion was therefore not 
a pH effect. The r e c i p r o c a l ra te constant was a l inear function of r ec ip roca l 
acid concentrat ion (Fig. 4.16). The ra te was proport ional to light intensi ty. 
Its dependence on uranyl n i t r a t e concentrat ion could be expressed by the 
equation 

d [MB] ^ -kp labs 
dt 1 + 1 7 [UO++] 

with ko values of'^ 4.0 x 10~^ at 436 and 366 my, 7.6 x 10"^ at 334 + 313 mjLt, 
and 2,36 x 10"^ at Z54my.. 

(89) 
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100 3 0 0 5 0 0 700 

l / [mandelic oc id^ 

9 0 0 1100 

Fig. 4.16. Reciprocal rote constant of bleaching of methylene 

blue in mixture with uranyl sa l t and mandelic a c i d , 

as funct ion of rec iproca l concentration of mandelic 

acid (a f te r Gnosh et a l . , 1935) . 
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73 
All these r e s u l t s were explained in t e r m s of the following react ion 

sequence: 

hv + UOt+ T ^ ^ UOf*-* (90a) 

k3 
UOt+* + UOt+ 2UOt''" (self-quenching) (90b) 

UOt"*" + mandel ic acid U(lV) + benzaldehyde (90c) 

U(IV) + MB L ^ UOt"*" + leucobase (90d) 

This mechan i sm, which neglects complexing, leads to a ra te equation 

d[MB] Axjo-^+ k4 [mandelic acid] 

dt Nhv k2 + kj [UO2 ] + k4 [mandelic acid] 
(91) 

where AxjO^^ i^ the light energy absorbed by UO2 . This equation ag ree s 
with the above-given empi r i ca l re la t ionships between the ra te and the con
cent ra t ions of mandel ic acid and uranyl ions . 

F luo re scence m e a s u r e m e n t s give for the self-quenching (Vavilov's 
data) k3/k2 = 99- The values of k4 and k3 can be assumed to be equal (both 
r eac t ions may occur by f i r s t encounter , cf. above) without contradicting 
the empi r i ca l value of the constant in Eq. (91 )• 

The quantum yield, extrapolated to excess mandelic acid and high 
concentrat ion of u rany l ions , appea r s to approach 1 at 436, 366, and 254 mjU, 

where the equation—L——^(l + 17 [UOt"*"]) = Auo' '"^/Nhv is obeyed within 
Q. X 2 

t 15%, but to be much higher than 1 at 334 + 313 my. 

A s imi la r investigation was made by Ghosh and Ray (l936b) with 
b romine as ultinnate oxidant; the advantage of the la t te r as compared to 
methylene blue is the absence of absorpt ion <300 my, so that exper iments 
at 256 and 313 my can be made with prac t ica l ly al l absorption accounted 
for by the uranyl sal t . The r a t e of reduction was found to be independent 
of [Br2] between [Br2]o = 0.08 and 0.16M (at [mandelic acid] = [UO^"^] = 0.02M). 
The inver se r a t e was a l inear fiinction of inverse mandelic acid concentrat ion. 
It appeared to be propor t iona l to the square root of light intensity (comparison 
of r a t e s at 829 and 1444 ergs/ (sec .cm'^) at [UOf^] = 0.02 and 0.0566M). The 
r a t e was compared to light absorpt ion by UO + mandel ic acid, using a value 
of e = 50 (Ghosh and Mit te r , Table 2.8). Between [UOt"*"] = 0.01 and O.lM, 
at IQ = 829 e r g s / ( s e c . cm^), the r a t e was found to be propor t ional to the 
square root of light energy absorbed by uranyl ions. The quantum yield 
appeared very high; e.g. , at [Br2]o = 0.1263M, [UO2 ] = O.OIM, [mandelic 
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acid] = 0.0614M, AuO^+ = 183.4 e r g s / ( s e c . cm^), and ^ = 313 mjLi, the 
average yield in 120 nnin was about 32. 

The mechan i sm suggested to explain these r e s u l t s was based on a 
chain reac t ion init iated by Br a toms : 

UOt"*"* + Brz . ^^> UOt"*" + Br + Br (92a) 

Br + Br Brz (92b) 

Br + Br2 • Br j (92c) 

Br3 + mandel ic acid oxidation product + 2HBr + Br (92d) 

Bra* ^ Br2 + Br (92e) 

giving the ra te equation 

d [ B r 2 ] ^ [ B r j k , ( ^ ^ U O ^ V k4 [nnandelic acid] ^^^^ 
dt yk2 Nhv J k5 + k4 [mandelic acid] 

This equation indicates f i r s t o rde r react ion in r e spec t to [Br2], 
propor t ional i ty to -/TT and l inear re la t ion between inver se r a t e and inverse 
mandel ic acid concentrat ion. 
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